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FOREWORD TO SECOND EDITION 


Science for the Citizen is partly written for the large and growing number of 
mtclhgent adults who realize ^t the Impact of Science on Society is now the 
focus of genumely constructive social effort It is also written for the large 
and growing number of adolescents, who realize that they will be the first 
victims of the new destructive powers of science misapphed. Smce it is the 
first Bntish handbook to Scientific Humamsm, it has, mevitably, the glarmg 
faults of any new thmg Education segregates the saenbfic speaahst fium 
those who study problems of government and social welfare So hk^ anyone 
else who, m this generation, might have attempted a task so ambitious, I 
have had to re-educate myself m the process of wntmg it. 

Natural science is an essential part of the education of a citizen, because 
saentific discoveries affect the everyday hves of everyone Hence saence 
for the citizen must be science as a record of past, and as an mventory for 
future, human achievements Inevitably it cannot be divorced from history, 
and my first duty is to acknowledge the patience with which my former 
colleagues of the history department m the London School of Economics 
responded to my requests for sources of information. Needless to say I am 
not competent to |udge the rehabihty of the sources, which I have quoted at 
length when a personal statement of opmion would imply that I have sufficient 
first-hand knowledge to do so For mstance, this apphes to some suggestive 
speculations concermng the datmg of ancient monuments m Chapters I and 
IV To avoid misunderstandmg, let me warn the reader that different experts 
do not always share the same views on this topic, and the example ated m 
Chapter IV is not given because all authonties would agree with the date of 
the Pyramid to which Neuberger subscnbcs m his treatise on anaent techno- , 
logy I have mcluded it for reasons more fully stated below, m particular, 
because it gives the reader a clue to the way m which a hypothesis of this kmd 
can be subjerted to an mdependent test. 

In the Victonan age big men of saence hke Faraday, T H. Hindey, and 
Tyndall did not think it beneath their digmty to write about simple truths 
with the conviction that they could instruct their audiences. There were 
giants m those days The new fashion is to select from the penphery of 
mathematicized hypotheses some half assimilated speculation as a preface 
to homihes and apologetics crude enough to mduce a cold sweat m a really 
sophisticated theologian who knows his job Th& clue to the state of mmd 
which produces them la contempt for the common man The key to the 
eloquent hterature which the pen of Faraday and Huxley produced is then 
firm faith m the educabihty of mankind. 

Because I share that faith I have not asked the reader to take any reasoning 
on trust Smce the reasopmg used m saence is often conduaed with the sort 
of shordiand called algebra or illustrated by the sort of scale diagrams called 
geometry, a casuahglance at isolated ps^es of this book might be discouragmg 
to those who have been humiliated by the obstacjea, which earfy educaqon 
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places m our path Fortunately the engaging illustrations of my fnend and 
collaborator Horrabm are likely to remove the impression that this is hke 
anything that the reader has learned at school Beyond that let me say this 
Anyone who has mastered the essence of the first half of Mathematics for the 
Mtlliofty or has once been through a course of elementary mathematics leadmg 
to a schooMeavmg certificate, will have nothmg to be afraid of The rest will 
be told and the reader will ht remmded of what may have been long smee 
forgotten. 

The present edition contains many amendments of the earher text suggested 
by readers who have kmdly co-operated with the author in removmg obscuri- 
ties and correctmg the mevitable nuspnnts m so long a book My debt to 
vanous /hends, m particular to Mr Richard Palmer, Dr Miller, and Mr 
H. D. Dickinson who helped to see it through the press m its ongmal form 
has been recorded m the foreword to the first edition The kmd consideration 
which the latter received from reviewers prompts me to remove one other 
possible source of misunderstandmg Saence for the Citizen is wntten for 
atizens hvmg m a society which has scarcely begun to see how science might 
be used for the satisfaction of human needs As such it is a product of a 
particular human environment m which a particular aspect of the manifold 
truth needs special emphasis In an Age of Peace and Plenty it might well be 
important to lay more stress on what is sometimes called the disinterested 
pursuit of truth I have hmted in vanous places, as in the mtroduaory remarks 
of Chapter XV, that the mdividual attitude of the mvestigator is an aspect 
of scientific progress with which we must always reckon To-day the great 
need is to emphasize how the capacities of individuals who can pursue science 
in the only way m which truly scientific knowledge can be advanced are 
contmually thwarted by the lopsided encouragement of research in a society 
which consecrates its finest gifts to gigantic preparations for destroying human 
life Tunc may come, and will come if this book helps to promote the outlook 
which these pages unfold, when it will no longer be necessary to emphasize 
this aspea of scientific progress If that time comes it may be necessary to 
discourage the approach to, and to displace the method of, exposition wluch 
I bcheve to be right and necessary for my day and generation If so, I who have 
not always shown chanty to my predecessors, shall not be m a position to 
complam of harsh cnticism m a footnote on popular science m the first half 
of the twentieth century. 


LANCELOT HOGBEN 
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PART I 


The Conquest of Time Reckoning 
and Space Measurement 


“The progress of Greek civilizaaon was dependent essentially 
on the change of slave-labour into free, a transformation not 
supposable without the emplo3maent of natural forces, apphed 
to labour-savmg machmes It is evident that, with the mven- 
tion of a machme which will convert a given natural force 
(e g a falling weight of water) mto an mdustrial force, per- 
fomung the labour of twenty men, the mventor could grow 
rich and twenty slaves be set free, moreover, that the natural 
effect of the mtroduction of machmes is an augmentation of 
the productive class, whence a greater number of mventors 
and mcreased production But, m a slave-state, the apph- 
cation of natural forces and the substitution of machme labour 
for servile, is mainly impossible, for as, m such a state, the 
profits of the capitalist rest upon his slaves, he sees that the 
mtroduction of machmes must imperil his resources, and 
when, as m Greece, the capitahsts belong to the rulin g 
class, the Government and people will combme to perpetuate 
the ezistmg system, i e slavery — ^the Government with the 
seemmgly-wise purpose of assurmg subsistence to the 
labourers Only the freeman, not the slave, has a disposition 
and mterest to improve implements or to mvent them, 
accordmgly, m the devismg of a comphcated machme, the 
workmen employed upon it are generally co-mventors The 
eccentnc and the governor, most important parts of the 
steam-engme, were devised by labourers The improvement 
of estabhshed mdustrial methods by slaves, themselves 
industrial machmes, is out of the question ” 


LIEBIG 




CHAPTER I 


POLE STAR AND PYRAMID 
The Condng of the Calendar 

A MUCH abused wntcr of the nineteenth century said up to the present 
philosophers have only interpreted the world, it is also necessary to change it. 
No statement more fittmgly distmgmshes the standpomt of humamsdc 
philosophy from the soentific outlook Science is organized workjnanship 
Its history is co-extensive with that of avihzed hvmg It emerges so soon as 
the secret lore of the craftsman overflows the dam of oral tradition, demandmg 
a permanent record of its own It expands as the record becomes accessible 
to a widenmg personnel, gathenng mto itself and coordmadng the fruits 
of new crafts. It languishes when the social mcentive to new productive 
accomplishment is lackmg, and when its custodians lose the will to share 
It with others Its history, which is the history of the constructive achieve- 
ments of mankmd, is also the history of the democratization of positive 
knowledge This brok is wnttcn to tell the story of its growth as a record of 
human achievement, a story of the satisfaction of the common needs of 
mankmd, disclosmg as it Unfolds new horizons of human wellbemg which 
he before us, if we plan our new resources mtelhgently 
Whether we choose to call it pure or apphed, the story of saence is not 
somethmg apart from the common life of mankmd. What we call pure saence 
only thnves when the contemporary social structure is capable of makmg 
full use of Its teachmg, fumishmg it with new problems for solution and 
equippmg it with new instruments for solvmg them Without prmtmg ther^ 
would have been httle demand for spectacles; without spectacles neither 
telescope nor microscope; without these the fimte velocity of light, the 
annual parallax of the stars, and the micro-oigamsms of fermentation 
processes and disease would never have been known to saence Without 
the pendulum clock and the projectile there would have been no dynamics 
nor theory of sound Without the dynamics of the pendulum and projectile, 
no Prtnapta Without deep-shaft mmmg m the sixteenth century, when 
abundant slave labour was no longer to hand, there would have been no 
social urge to study air pressure, ventilation, and explosion Balloons would 
not have been invented, chemistry would have barely surpassed the level 
reached m the third miilenmum b c , and the conditions for discovermg the 
electnc current would have been lacing 
For this reason the chapters which follow will not adopt the customary 
division of saence mto separate disaplmes, such as chemistry or biology. 
The topics dealt with ijfiU be grouped under six mam themes, the story of 
man’s conquest of time reckonmg and ^:arth measurement, of material 
substitutes, of new power resources, of disease, of hunger, and of behaviour. 
When the language of mathematics is used, no,a4vanced knowledge jviU 
be assumed, and it will present no difficulaes if the readbr is prepared to do 
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a httlc work on the examples given If difficulties anse the reader should 
not be too easily discouraged, or give up hope If one chapter or page is 
difficult to follow, as likely as not the next will be especially easy The most 
difficult ones come at the begmnii^ 

If the execution of the task is novel, there is no ongmahty m the con- 
ception The reader who is tempted to think so should reflect on the words 
with which the great German chemist Liebig addressed the Royal Academy 
of Sciences at Munich m 1866 Speaking of the Development of Ideas in 
Physical Science^ Liebig said 

The history of physical saence teaches us that our knowledge of thmgs 
and of naturi phenomena has, for its startmg pomt, the material and mtel- 
Icctual wants of man and is conditioned by both . . Man is not bom 
acquamted wi^ sensible objects and their properties and effects, these notions 
must be gamed by experience . . All these conceptions have sprung or have 
been derived from sensible marks . . . Smee natural phenomena are mter- 
connected like knots in a net, the mvestiganon of particular phenomena evmces 
that they have m common certam conditions, which as remarked are active 
things . Having the facts it is our subsequent busmess to establish 
their connexion The facts themselves are obtamed through sensual perceptions, 
when these are imperfect, so will be the knowledge reared on them We can 
have no general theorec^ propositions except by means of mduction, and 
mductions can be framed only through sensual perceptions Manifestly 
therefore the truth of explanations docs not depend on the prmciples of logic 
alone. . The first explanations can, manifesdy, be neither defimte nor 
limited, and they must change just m proportion as the facts are more dis- 
tinctly ascertamed and as the unknown ones belongmg to the conception are 
discovered and mcorporated m it The earher explanauons are therefore only 
relatively false and the latter only therem truer that the contents of the con- 
ceptions of things are more comprehensive, detenmnate and distmct 
The conception of time which belongs to the composite notion of veloaty was 
first developed fifteen himdred years after Aristotle For short mtervals the 
Greeks had not clocks or time measures Charlemagne’s endeavours by 
the estabhshment of schools to elevate the mtelhgence of the rude and ignorant 
priesthood of the age could have no result, the soil on which culture thrives 
being not yet prepared The development of culture, i e the extendmg of man’s 
spintual domain, depends on the growth of the mventions which condition 
the progress of civilization, for through these new facts are obtamed . . . Only 
the free man, not the slave, has a disposition and mtercst to improve implements 
or to mvent them, accordmgly, m the devismg of a compheated machine, the 
workmen employed upon it are generally co-mventors Greek avdiza- 
uon travelled through the Roman Empire and the Arabians mto every European 
country . The members of the newly originated mtellectual class were at 
first occupied m gauung possession of the treasures of anaent learning 
The position and employment of the learned of those times concurred m with- 
drawing them from contact with the productive classes Accordmgly the htcra- 
ture of that age gives no mdicaaon of the degree of the popular avihzaaonimd 
culture, for the knowledge circulating through the nvisses and absorbed mto 
their thinking, a knowledge originating m their unproved acquamtance with 
physical laws, was not yet stored up m books and was wholly foreign to the 
learned . With the pcwction of the slavery of the anaent world and the 
umon of all the cor.djtions for the evolution of the human mmd, progress 
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of Civilization and culture is thenceforth assured^ mdestructible> imperishable 
Most of the facts from which the mvestigator elaborated empincal ideas he 
had long smce received from the metallurgists, the engmeers, the apothecaries, 
and had resolved their mventions mto conceptions which the producmg classes 
received back . the craftsman, techmcian, agnculturahst, physiaan, as m 
Greece, ask counsel of the theorist , . The history of nations informs us of 
the fruitless efforts of pohtical and theological powers to perpetuate slavery, 
corporeal and mtellectual Future history will describe the victories of freedom 
which men achieved through mvestigation of the groimd of things and of truth, 
victories won with bloodless weapons and m a struggle wherem morals and 
rchgion participated only as feeble alhes 


THE BEGINNING OF SCIENCE 

We start with the conquest of time and distance. That is to say, the kmd 
of knowledge we need to keep track of the seasons and to find our where- 
abouts m the world we inhabit. One depends upon the other. Makmg a 
calendar and navigatmg a ship depend on the same kmd of knowledge, and 
we shall not be able to keep the two issues apart. Much of the mystery which 
enshrouds contemporary discussion of Relativity will present no diflSculty if 
the use of the ship’s chronometer is grasped firmly at the outset. All measure- 
ments of time depend on makmg measurements m space, and localization m 
space depends on measurements of time 

We used to think of man as a tool-bearmg animal, and to divide the pre- 
hterate stage of his existence mto an old stone age and a new stone age We 
now know that the social achievements of mankmd before the begmnmg of 
the wntten record mclude far more important things than the perfecuon of 
axes and arrowheads Three discovenes mto which he blundered many 
millennia before the dawn of avihzauon m Egypt, Sumena, or Turkestan, are 
specially significant With the aid of the dogs which followed him and prowled 
about his camp fires, he began to herd mstead of to hunt He learned to 
scatter millet and barley, to store gram to consume when there were no 
fnuts to gather He collected gold nuggets and bits of meteonc iron, and, it 
may be, noticed the formation of copper (see p 360) from the green pigment 
that he used for adornment, when it was heated m the embers The sheep 
is an animal with seasonal fertihty, and cereal crops are largely annual In 
domesticatmg the sheep and leammg to sow cereals, man therefore made a 
fateful step The recognition of the passage of time now became a primary 
necessity of soaal life In learning to record the passage of time man learned 
to measure thmgs He learned to keep account of past events. He made 
structures on a much «va$ter scale than any which he employed for purely 
domestic use The arts of wntmg, architecture, numbermg, and m particular 
geometry, which was the offsprmg of star lore and shadow reckoning, were 
al^ by-products of man’s first organized achievement, the construcuon of 
the <^endar Shakespeare anticipated Sir Norman Lockyer when he wrote. 
‘^Our forefathers had no other books but the score and the tally 

Science begay when man started to plan ahead for the se^ns, because 

* Henry Vly Act iv — score m this context is fiom the Ang^Saxon scora meaning 
notches made on the tally stick. 
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planning ahead for the seasons demanded an organized body of contmuous 
observations and a permanent record of their recurrence In an age of wiretos 
transmission, of mechanical clocks and cheap almanacs, we take time for 
granted Before there were any clocks or simpler devices like the hour-glass 
or the clepsydra for recordmg the passage of time, mankmd had to depend 
on the direction of the heavenly bodies, sun by day and the stars by night 
Already m the hunting and food gathering stage the human race had 
probably learned to associate changes in vegetation, the mating habits of 
animals, and the recurrence of drought or floods, with the nsmg and setting 


1 



Fig 1 

I he earliest geometrical problems arose from the need for a calendar to regulate the 
seasonal pursuits of settled agriculture The recurrence of the seasons was recognized 
by erectmg monuments m line with the nsmg, settmg, or transit of celestial bodies 
1 his photograph, taken at Stonehenge, shows bow Sic position of a stone marked 
the day ot the summer solstice when the sun nscs farthest north along the eastern 
boundary of the horizon 


of bright stars and star dusters immediately before sunrise or m evemng 
twihght When the great agranan revolution reached its climax m the dawn 
of aty life, a techmque of timekeepmg emerged as its pivotal achievement 
What chiefly remain to record the beginnings of an orderly routine of 
settled life in ades are the vast structures which bfar eloquent witness to 
the primary social function of the priesthood as custodians of the cale nd ar 
The temple with its corridor and portal placed to greet the transit of its 
guardian star or to trap a thm shaft of hght from the nsmg or setting sun 
of the quarter-days, the obehsk or shadow dock, the Pyramids facing 
equinoctial sunrise or sunset, the pole and the soutfiings of the bright stars 
m the zodiac, the great stone cirde of Stonehenge w*h its sight-lme 
pointing to the nsmg sijn^of the summer* solstice — all these are first and 
^foremost almanacs ift architecture Nascent saence and ceremonial rehgion 
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had a common focus of social necessity m the observatory-temple of the 
astronomer-pnest That we still divide the circle mto 360 degrees, that we 
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Fig 2 — The Astronomical Orientation of the Great Pyramid 

The Pyramid of Cheops and that of Sneferu are constructed on a common geometnca) 
plan The perimeter of the four sides, which face exartly the north, south, east, and 
west, has the same ratio to the height as the ratio of the circumference to the radius 
of a circle, i e 2 x 3|, or 2Tr Accordmg to Flmders Petrie “The squareness and level 
of the base is brilliantly true, the average error bemg less than a ten- thousandth of the 
side m equality, squareness, and level ” According to Neugebauer, the rays of Sinus 
the dogstar, whose heliacal nsmg announced the Egyptian New Year and the flooding 
of the sacred river which brought prosperity to the cultivators, were perpendicular 
to the south face at transit, and shone down the ventilatmg shaft mto the royal chamber 
whik building was m progress. The mam opemng, and a second shaft leadmg to the 
lower chamber, conveyed die hght of the Pole Star, which was then the star a m the 
constellation Draco, at its tower transit, three degrees below the true celestial pole 


Q 

reckon fractions of a degree m mmutes and se<jpi^, renund'us that ipen 
learned to measure angles before they had settled staildards of length nr 
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area Angular measurement was the necessary foundation of Mekeepmg. 
The social necessity of recording the passage of time forced nwntand to map 
out the heavens How to map the earth came later as an unforeseen result 

It IS a common bchef that mathemancs is the hallmark of sa^a, and 
some people are apt to imagine that the introduction of a httle mathematics 
mto subjects like economics entitles them to rank as genuine science The 
truth is that science rests on the painstakmg recognition of uniformities m 
nature In no branch of science is this more evident than m astronomy, the 
oldest of the sciences, and the parent of the mathematical arts Between the 
bcgmmngs of aty life and the tune when human beings first began to sow 
corn or to herd sheep, ten or twenty thousand years — perhaps more — ^may 
have bean occupied in scanning the night skies and watching the sun s 
shadow throughout the ocasons Mankmd was learning the uniformities 
which signalize the passage of the seasons, becoming aware of an external 
order, grasping slowly that it could only be commanded by being obeyed, 
and not as >et realizing that it could not be bnbed There is no hard and 
sharp Imc between the beginnings of science and what we now call magic 
Professor Elliot Smith rightly says that magic is the discarded science of 
yesterday J he first priests were also the first scienusts and the first avil 
servants As custodians of the calendar, they created an organized body of 
reliable knowledge from the common experience of herdsman and culuvator, 

1 o understand how a science of a''tronomy is possible, we have to acquamt 
ourselves with uniformities of nature, once familiar features of the everyday 
life of mankmd They are no longer part of the everyday life of people who 
live in large atics So, many readers of this book will need to be told what 
they arc I ooking at them retrospectively we can arrange them under four 
headings 

THH DIURNAL FVENTS 

1 irst w^c have to reckon with the diurnal events At daybreak and mght- 
fall the shepherd, as he stands at the door of his hut, sees the sun nsing m 
different positions at different times of the year, but always towards one 
side of the horizon He watches it, as it sets m different positions at different 
times of the year, but always towards the opposite side of the horizon So he 
learns to distmgmsh an eastern horizon of sunrise and a western horizon 
of sunset In the region north of the tropics, where the neolithic agrarian 
economy began, the sun travels over the heavens obliquely, so that the 
noon shadow is always on one side of the Ime jo inin g the eastern and western 
horizons (Fig 3) The sun’s shadow shortens as day wears on till the sun 
Itself IS highest in the heavens, and then lengthens* again as it points more 
and more towards the place of the nsmg sun The noon or shortest shadow 
divided the workmg day of the cultivator mto mommg and afternoon 
Fisher tolk would be famihar with other tune signals besides the daily changes 
of the sun and stars They would see how high and low water at the tide 
marks would happen twice m a day and a night Before there was any settled 
husbandry, huntmg and food-gathenng tnbes had learlied to recognize 
familiar star clustere, likeothe Dipper or Great Bear and Cassiopeia, when 
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night fell, to know how they change their position like the sun as night goes 
on, and to notice how one star, the Pole Star, is always seen above the same 
pomt on the horizon, m the same place at sunset and at sunrise 
When men began to stick up poles or stone pillars to mark off the day by 
the direction and length of the shadow, they would notice that the noon 



Fig. 3 

The noon or shortest shadow of the Obehsk or shadow clock points due north towards 
the celestial pole At the equinoxes (March 2l8t and September 23rd) the sun rises 
due east and sets due west, and the observer is at the centre of its scmiarcuJar 
track, called the equinoctial or celestial equator The angle A which the sun makes 
with the horizon is called its altitude The angle Z which it makes with the vertical 
IS its zemth distance The altitude of the Pole Star is very nearly constant, and on the 
cqumoxes the 2 d of the noon sun is practically equal to the altitude of the Pole 
Star Hence the plane of the eqmnoctial is at nght angles to the axis which passes 
through the observer and the celestial pole The stars and moon pass over the horizon 
m circular arcs parallel tq,that of the sim’s transit, nsmg on the eastern side and 
settmg on the western side of the meridian, or arc, which passes through the north 
and south pomts of the horizon, the pole, and the zemth directly overhead 

shafjow always pomts to the same spot on the horizon, and that the Pole 
Star remams throughout the mght exactly above it (Fig 3) As the night 
passed they would see the other stars revolve about the Pole Star m an anti- 
clockwise direction, from east to west above it, like the sun ^They would 
long smee have known that star dusters nearest tjie jx)le, the ‘*OTcumpoJar” 
stars, never sink below the bonzon, trailmg from west t(f east below th& nnl^ 
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Fig 6 — The Changing Appearance of the Heavens 

In twenty-four hours the whole dome of heaven, mcluding the moon, stm, and fixed 
stars, rotates about an axis which joms the observer to the celestial pole, whose posmon 
IS approximately marked by the Pole Star With the exception of the ‘*circiimpolar” 
stars, which are too near the pole to dip under the horizon, the heavenly bodies all 
appear to rise upwards from the eastern boundary and to sink below the western 
boundary of the horizon plane In this motion, called the apparent diurnal motion 
of the celestial sphere, the fixed stars retain the same position relative to one another, 
so that at any place the time between the nsings or settings of any two stars and the 
direction m which any star is seen nsmg or settmg are always the same Relative to 
the nsmg of any fixed star, the moon and the sun each rise a little later on successive 
days They thus seem to be slippmg backwards below the eastern margm of the 
horizon pl^e Tht sun takco 365^ days to retreat eastwards all it is again m the same 
posiaon reladve to a fixed star, 1 e it slips under the horizon plane eastwards through 
approximately one degree per day The moon takes 27 J days to do so, but, as the sun 
IS slippmg back, though more slowly, m the same direcuon it takes a little longer, 
oam^y, 29} days (see p 103), to return to the same posiaon relaave to the sun. In the 
figure new moon would occur about January 7th and the next new moon about 
February 5th At last quartiir the moon is 90^ west of the sun, nsmg about midmght 
and reaching its highest pomt m the heavens about 6 aon , when its easterly half is 
visible At fint quankr it sets about midmght, reachmg its highest pomt m the heavens 
(meridian transit) at about 6 p jn , when its westerly is illununed 
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and from east to west above it (Fig 4) As the noon shadow divided the day, 
the signal of midnight would be when a star cluster, rising at sunset on the 
eastern horuon and settmg at sunrise on the western horizon, was directly 
above the pole These clusters or “constellations” received fanciful names 
redolent with the preoccupations of everyday life in an agrarian economy 





Fig 6 — Apparent Diurnal MonoN of the Stars 
The stars appear to desenbe circular arcs parallel to one another about an axis which 
joins Tht observer to the celestial pole Those nearest the pole — the circumpolar stars, 
like A here seen at lower culmination, never sink below the horizon and may, therefore, 
be seen ciossing the mendian below the pole Other northerly stars, such as B, 
desenbe large arcs over the horizon and so remain above it more than 12 hours between 
rising and setting north of the east and west pomts Stars (e g C) lying on the 
great eoumoctial circle which cuts the east and west points (i e stars w^ch nse due 
east and set due west) remain above the horizon for half the 24 hours of the diurnal 
cycle Stars (like D) which he south of the equmocual nse and set towards the southern 
horizon and are belovj it more than 12 out of the 24 hours The majonty of stars m 
a northern latitude cross the mendian south of the zemtb Hence sailors speak of the 
transit of a star as its **southmg ** 


Herdsmen watchmg the night pass would find it just as easy to recognize 
intervals of night time equivalent to the shadow hours of the day The much 
despised yokel, who has not upholstered his bram with the urban super- 
sntions of all the ages, is often adept m using the star clock A httlc practice 
while campmg out is sufficient to enable you to tell the tunc by the stars 
with an error scarcely more than quarter of an hour. 

Ccntuncs before aty life began, man hfd begun to fumole for a connected 
account of the reguli^dhs forced on his attention. He already knew that 
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sun, moon, and stars partake of the same daily and mghtly motion about 
one central pomt m the heavens As they stand, the facts with which primitive 
man was famili ar m his everyday life are capable of bemg looked at m two 
ways. When we are passmg another tram, we cannot at once tell whether 
we are at rest and the other one is m motion, or vtce versa. So we cannot tell 
whether we are going east to meet the sun and nsmg stars, or whether they 
are moving west to meet us. In the tram we can settle the issue by lookmg 
out of the opposite wmdow. We put ourselves m the position of the man on 
the platform Primitive man had no knowledge of what the two trains would 
look like from the platform. Havmg no other court of appeal, he inclmed to 
his first impression that the sun and stars were rushmg past him. 

In the priestly lore of the earhest calendar civilizations the picture pieced 
together was somethmg like this. The stars, moon, and sun were all on the 
surface of a great sphere, of which we only see one half at a time The stars 
become visible when the sun is m the celestial heimsphere below our 
horizon (Fig 5) The celestial sphere revolves around an axis )oinmg the 
Pole Star (Fig 6) to some fixed spot on the earth-rthe North Pole, as we call 
It today. It completes its revolution m a day and a mght, revolving m an 
anti-clockwise direction from the standpomt of a person lookmg upwards 
towards the North Pole Star. 

Although the facts are equally exphcable on the altemanve assumption 
that the stars are fixed and that the earth is revolving about the same axis m 
the opposite direction to the apparent revolution of the celestial sphere, the 
earher and less sophisticated view embodied a tremendous gam It mvolved 
the first step towards a world map In countmg the shadow hours and learn- 
mg to use the star dock, man had begun to use geometry. He had begun to 
find his local bearmgs in cosmic and terrestrial space An important step 
towards an art of measurement was made when men began to trace ordes on 
the sand or the soft earth around the shadow pole to mark the moment when / 
the shadow was shortest In discovering the constant direction of the noon 
shadow pomtmg to the pole, they fixed two planes of reference. One is the 
horizontal plcate^ the north and south pomts of which divide the observer’s 
terrestrial horizon mto an easterly and a westerly half. The other was bounded 
by the great semicirde or Mertdtan of the heavens, with its highest pomt, 
the zemth, directly overhead (Fig. 3). The axle of ±e heavenly dock of star 
transit and shadow connected the Pole Star to the earthly pole m the meridian 
plane Sun, moon, and stars are highest m the heavens where the curdes 
they desenbe on the surface of the celestial sphere cut the meridian. 

THE MONTHLY EVENTS 

Strictly speaking in order of time, the first class of uniformities from which 
the measurement of rime proceeded were m all probability the lunar 
phenomena, from which we got the grouping of days mto months and weeks 
(quarter months) Ther^ are still backed peoples who have not learned 
to reckon in years of equivalent length. The recogmtion of the month is 
wellnigh umversrl even among hunting tnbes with no settled agriculture 
Moonlight is a orcumstanoe of enormous importjmpe m the everyday ];& 
of people who have crude means of artificial dluminatinn. Even tockv in 
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remote parts of the country the time of full moon is chosen for a long mght 
journey. 

An interval of roughly thirty days separates one full moon or new moon 
from another The two half moons, the first “quarter” when waxmg and the 
third “quarter” when wanmg, complete the division of the month mto 
quarters, which roughly correspond to our week Near the sea it is noticed 
that the tides are cxcepDonally high when the moon is invisible through the 
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whole mght (new moon) and when it is full At first and third quarter (half 
moons) the high-water mark is exceptionally low The most important 
thing (Fig 5) connected with the changmg appearance of the moon is that 
as the moon waxes and wanes it nses towards the east a httle later every 
day At first quarter (Fig 7) it is already high m the heavens at sunset, 
setung about nudmght The full moon rises about sunset, is at its highest 
about midmght, and sets towards sunnse At the third quarter the wanmg 
moon does not rise till about midmght, is seen at its highest point (“crosses 
the mendian”) about sunnse, and is visible durmg the mommg by dayl^ht * 
The moon seems to partake of the general motion of ±e cel^tial sphere, 

* The relative tunes of setting and rising of the sun and mc^in depend partly on 
^ ^cho attons, as explained in Chapter 11^ and are different at different seasons 
These remarks, like otheas an the next page, are only to be taken as a rou^ outlme 
of what happens * 
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nsmg m the east and setting in the west. If it nses at the same time as a 
particular star duster on a particular mght in the month, the same constel- 
lation will nse a little earlier than the moon on the mght followmg. A week 
later it would already be above the pole at moonnsc Thus the moon itself 
seems to be shppmg backwards m the opposite direction to the apparent 
rotation of the sun and fixed stars, so that it gets back to where it was before 
after a definite mterval of days and nights, i e what we call roughly a month 
Altemativdy we may say that it rotates round the earth m about a month in 
the same direction as the earth’s axial or diurnal motion Whichever way we 
look at It, the moon has a motion of its own, independent of the apparent 
motion of the fixed stars 

THE ANNUAL EVENTS 

In regulatmg the seasonal requirements of a pastoral and gram economy, 
the determmation of the year was of supreme importance. The contmuity 
of careful observations which preceded, and the precision involved m settling 
the exact length of the year, entitle thus achievement to be regarded as one 
of the half-dozen great cultural feats in the history of mankind Smce the 
Egypaan pnests had already estabhshed a year of 365 days by 4241 b c , we 
may conclude that the recogmtion of the year as a unit of time antedates 
the beginnings of the great calendar civilizations. Assoaated with the passage 
of the seasons m the everyday life of neolithic man, two classes of events 
contributed to the first crude appreaation of the year as a natural unit of 
time One is concerned with the behaviour of the stars, the other with that 
of the sim’s shadow. 

The stars nse earher every mght If a star is seen nsmg exactly at sunset 
on a particular day, it will be seen well above the horizon when the sun sets 
a few weeks later If a star is in the west at sunnse and m the cast at sunset m 
March, it will reach its highest pomt m the sky when the sim goes down, ^ 
about three full moons later, i e at the end of June After six months it will 
be already setting m the west at sunset, unless it is very near the pole. If it 
IS a circumpolar star, as are those m the constellations of Cassiopeia and 
of the Great Bear m our latitude, it will be slopmg down towards the northern 
horizon A circumpolar star seen at midmght directly above the pole, will 
be seen directly below the pole (“lower culmination”) at midmght six months 
later 

The ma|onty of the stars are below the horizon at lower culmmation So 
they are only visible after mghtfall durmg part of the year At midwmter, m 
the latitude of London, Orion, with its three bnght stars forming the belt, is 
•^visible most of the mght, ^smg just after sunset and settmg m the early morn- 
ing hours before sunnse. By March 21st (vernal equmox) it has reached its 
highest pomt (crosses the mendian) m the heavens at sunset, and is seen 
setting about midmght By midsummer it sets before sunset and has not yet 
nsen by sunnse. So it is invisible m the summer sky. 

All ^ese appearances occur with perfect regulwty after the lapse of the 
same number of fell moons Thus the sun’s apparent position among the 
fixed stars is not constant Smce the stars nse cai^li^r every day, the sup, 
while partaking of the apparent diurnal rotation of the cdestial sohere. flT«n 
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seems to be slipping back a little in the opposite dtrecUony like the moon only not 
so fast (Fig 13) In the course of a year it shps back through a complete 
arcle to its onginal position A common early estimate of the time taken 
to do so was twelve 30-day months or 360 days, hence the division of the 
great circle of the sun^s track m the heavens into the three hundred and 
sixty degrees which have persisted to our own tune. From the standpoint 
of an carth-obscrvcr, the constellations cross the mendian above the pole 
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1 his shows the rising of Sinus just before sunnse m July By October it will nse 
6 hours earlier towards midnight By January it will nsc about 12 hours earUen i e 
shcruv ajttT sunset y and will be seen through the greater part of the night, setting before 
I unnsc By Apnl it will nsc towards noon and will set m the evening 


at midnight, when the sun occupies a position on the opposite side of the 
celcsual sphere When the sun is on the same grpt semicircle joining the 
ccicstud poles, they will pass over the horizon of the observer by day, 
Consequendy they will not be visible to the naked eye, being screened bv 
the brightness of the sun (Fig 9) ^ 

The number of days wl^ch elapse between the nsmg of a star just Before 
sunnse or its setting just before sunset on two successive occasions is the 
penod m which the sun gets back to its same position ^lative to the fixed 
The Egyptian yew of 366 days was based on the heliacal nstng* of 
* I e. ruing with the tun. 
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Sinus, the bnghtest star m the sky Sinus is a winter star, nsing at sunset 
about the beginning of January Early m March it is already setting by 
nudmght After being invisible throughout the night in June, Sinus reappears 
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Fig. 9. — ^The Changing Heavens 

The successive positions of the sun in the heavens during its annual retreat below the 
eastern horizon m the circle called the ecltpttc were mapped out by the ancient priest- 
hood in nulestones corresponding to the twelve months of the year These mile- 
stones, the zodiacal constellations, were groups of stars whose nsmg and settmg 
positions roughly corresponded to that of the sun at a pamcular season Owmg to 
the slow rotauon (precession of the equmoxes) of the equinoctial circle about the echpuc, 
the sun^s position among the fixed stars at a particular season is not the same as it 
was m ancient tunes, here shown When the sun occupies the position of Anes (i e is 
seen m the same direcuon as^-Anes would be seen if visible), it sets and rises with the 
latter, which is therefore mvisible A month later, when the sun is m Taurus, Taurus 
rises and sets with the sun and is mvisible Anes u seen nsmg )ust before sunrise 
where the sun rose a month earlier. When the sun was m Anes, Taurus would have 
been settmg for about an hour after sunset where the sun would sink below the horizon 
a mondi later. The consteUaaons correspondmg to the sim's position durmg the 
summer months (Taurus and Virgo, Gemmi and Leo, Cancer) had northerly nsmgs 
and settings, descnbmg large arcs and therefore remammg Idng above the horizon m 
the wmter night sky. Jhe consteUaaons mappmg out the sun’s posrnon m the winter 
months (Pisces and bcoipio, Aquanus^ and Sagittarius, Capncom) have southerly 
nsmgs and settings, descnbmg short arcs above the honzor^and bemg conspicuous 
durmg the short summer mghts (See also Figs 138 and 166.) * 
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on the eastern horizon a few minutes before sunrise on a day in July This 
happened at the tune when the flooding of the Nile brought assurance 
of food and prosperity to the Middle Kmgdom The advanced state of 
astronomical knowledge in the calendar civilizanons of antiquity need not 
surprise U8> when we take stock of the astronomical knowledge of living 
peoples whose cultural development is in other respects very primitive. The 
followmg extracts from Nilsson’s* monograph Primitive Time Reckoning 
(pp 10J)-143), are instrucuve 

Time-indications from the phases of the climate and of Nature are only 
approximate they themselves, like the concrete phenomena to which they 
refer, arc subject to fluctuation In general, primitive man takes no notice 
of these variations the Banyankole, for instance, are indifferent as to whether 
the year is one or even three weeks longer or shorter, i e whether the ramy 
season opens so much earlier or later The days are not counted exactly, but the 
people arc content with the concrete phenomenon More accurate pomts of 
reference are, however, especially desirable for an agricultural people, smee, 
although the right time for sowmg can be discerned from the phenomena and 
general conditions of the climate, yet a more exact detennmation of time may 
be extremely useful The possibihty of such a determmation exists — and that 
at a far more primitive stage than that of the agricultural peoples — m the 
observation of the stars, and especially m the observation of the so-called 
“ apparent ” or, more properly, visible rismgs and settings of the fixed stars, 
the importance of which has already been explamed The observation of the 
mormng rising and evening settmg is extraordinarily widespread, but other 
positions of the stars, e g at a certam distance from the horizon, are also some- 
times observed The Kiwai Papuans also compute the tune of mvisibihty of a 
star When a certam star has sunk below the western horizon they wait for some 
nights during which the star is “mside”, then it has “made a leap,” and shows 
Itself m the cast m the mommg before sunrise Stellar science and 
mythology arc therefore widespread among the primitive and extremely 
primitive peoples, and attam a considerable development among certam bar- 
baric peoples Although this must be conceded, some people are apt to think 
that the determination of time from the stars belongs to a much more advanced 
stage It IS frequently regarded as a very learned and very late mode of time- 
reckoning Modern man is almost entirely without knowledge of the stars, for 
him they arc the ornaments of the night-sky, which at most call forth a vague 
emotion or arc objects of a science which is considered to be very difficult 
and highly specialized, and is left to the experts It is true that the accurate 
determinanon of the risings and settmgs of the stars does demand scientific 
work, but not so the observation of the visible risings and settings Primitive 
man rises and goes to bed with the sim When he gets up at dawn and steps 
out of his hut, he directs his gaze to the brightening east, and notices the stars 
that are shining just there and are soon to vamsh before the hght of the sun 
In the same way he observes at evening before he goes to rest what stars appear 
in the west at dusk and soon afterwards set there Experience teaches him that 
these stars vary throughout the year, and that this variation keeps pace with 
the phases of Nature, or, more concretely expressed* he learns that the nsmgs 
and settings of certain stars comcide with certam natural phenomena 
Just as the advance of the day is discerned from the portion of the sun, so 
the advance of the yc^ is recognized by the posiuon of certam stars at siuinse 
• * Acta Soc Human. Utu Lundensts, 1920 
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and sunset Stars and sun alike are the indicators of the dial of the heavens 
A determmauon of this kind, however, is not so accurate as that from hehacal 
risings and settmgs Hence the latter pass almost exclusively or at least prc- 
eimnently under consideration wherever, as m Greece, a calendar of the natural 
year is based upon the stars sometimes, however, the upper culmination is 
given . . In order to deternune the ume of certam important natural 

phenomena it is therefore sufficient to know and observe a few stars or con- 
stellations with accuracy and certainty The Pleiades are the most important 
It has been asked why this particular constellation, consistmg as it does of 
comparatively small and unimportant stars, should have played so great a part, 
and the answer is chiefly that its appearance comcides (though this is true of 
other stars also) with important phases of the vegetation. An account of 
the Bushmen shows how extremely primitive peoples may also observe the 
rismgs of the stars, may connect them with the seasons, and — ^which is'indeed 
somewhat rare — may even worship them . . Canopus and Sirius appear 
m wmter, hence the cold is connected with them . . The Hottentots con- 
nect the Pleiades with wmter These stars become visible m the middle of 
June, that is, m the first half of the cold season, and are therefore called *%me- 
stars,” since at the tune of their becommg visible the mghts may be already 
so cold that there is hoar-frost m the early mormng The appearance of the 
Pleiades also gives to the Bushmen of the Auob distnct the signal for departure 
to the tsama field , . A tribe of Western Victoria connected certam con- 
stellations with the seasons . The wmter stars are Arcturus — ^who is held 
m great respect smee he has taught the natives to find the pupae of the wood- 
ants, which are an important article of food m August and September — and 
Vega, who has taught them to find the eggs of the mallee-hen, which are also 
an important article of food m October The natives also know and tell stones 
of many other stars Another authority states that they can tell from the position 
of Arcturus or Vega above the horizon m August and October respectivefy 
when It is time to collect these pupae and these eggs . . For example, when 

Canopus at dawn is only a very httlc way above the eastern horizon, it is time 
to collect eggs, when the Pleiades are visible m the east a httle before sunrise,^ 
the time has come to visit friends and neighbourmg tribes The Chukchee form 
out of the stars Altair and Tarared m Aquila a constellauon named pchxttxriy 
which IS believed to be a forefather of the tnbe who, after death, ascended mto 
heaven Smee this constellation begms to appear above the horizon at the tune 
of the wmter solstice, it is said to usher m the light of the new year, and most 
famihes belongmg to the tribes hvmg by the sea brmg their sacrifices at its 
first appeanng The South American Indians have much greater know- 
ledge of the stars, and in consequence frequently connect stellar phenomena, 
especially those of the Pleiades, with phases of Nature In north-west Brazil 
the Indians deternune the tune of plantmg from the position of certam con- 
stellauons, m particular the Pleiades If these have disappeared below the 
horizon, the regular heavy rams will begm. The Siusi gave an accurate account 
of the progress of the constellations, by which they calculated the seasons, and m 
explanation drew three diagrams m the sand No 1 had three constellations — 
‘‘a Second Crab,” which obviously consists of the three bnght stars west of 
Leo, ^‘the Crab,” composed of the prmcipal stars of Leo, and “the Youths,” 
le the Pleiades When these set, contmuous ram falls, the river begms to 
nse, begmnmg of the ramy season, plantmg of manioc No 2 had two con- 
stellations — “the Fishmg Basket,” m Orion, and kakudzuta^ the northern 
part of Endanus, m which other tribes see a dancm^ implement When these 
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'oU, much ram tails, the water m the river is at its highest No 3 was “the 
Great Serpen^,” 1 e Scorpio When this sets there IS little or no ram, the water 
I It Its lowest The natives of Brazil are acquamted with the course of the con- 
stellations, with their height and the period and time of their appearance m, 
and disappearance from the sky, and according to them divide up their seasons 
In Africa also the observation of the stars, and above all the Pleiades, is 
widespread In view of the dissemination of this knowledge all over the world 
it 18 making a quite unnecessary exception to state that it came mto Africa 
from Lgypt Moreover, this assertion does not correspond with the facts, smee 
among the I'gyptians Sinus, ana not the Pleiades, occupied the chief place 
1 he Melanes'ans ot Banks Island and the northern New Hebrides are 
also acquamted with tlu* Pleiades as a sign of the approach of the yam-harvest 
I he inhabitants ot New Bntain (Bismarck Archipelago) are guided m ascer- 


taining'thc tune ot planting by die position of certain stars The Moanu of the 
Admiralty Islands use the stars as a guide both on land and at sea, and recognize 
the season ot die monsoens by them When the Pleiades (Ci«a) appear at 
niglufall on the horizon, this is the signal for the north-west wind to begm 
Bur when the Ihornback (Scorpio) and the Shark (Altair) emerge as twihght 
begins, this shows tliat the south-east wmd is at hand When the “Fishers’ 
t anoe” (Orion, three hshermen m a canoe) disappears from the horizon at 
evening, die south-east wind sus m strongly so also when th? constellation 
is visible at morning on the horizon When it comes up at evenmg, the rainy 
.casoii and the north-west wmd are not far off When “the Bird” (Cams major) 
IS in an li a position that one wmg pomts to the north but the other is still 
invisible, the Unie Ins come m which the turdes lay eggs, and many naoves 
the ‘ go to die Los-Rtys group ui order to collect them The Crown is ralUH 
tile “M, squito-stir,” since the mosquitoes swarm mto the houses when this 
eunstellation sets The two largest stars of the cucle are called pttut and papai 
evheii this (onstcllation becomes visible m the early morning, the time is 
t ivourahle* tor eatelung the fish papat The natives of the BougamviUe Straits 
ire lequ ui.tsd with certain stars, especially the Pleiades the nsmg of this 
eoiMoll ition 13 a sign that the kai-nut is ripe a ceremony takes place at this 
St I 111 On I reasury Island a grand festival is held towards the end of October 
in >’'^l'-r-so » ir as could be ascertamed— to celebrate the approachmg appear- 
met . the 1 IcnJcs above die eastern horizon after sunset In Ugi, where of all 
(lit stars the I Iciades alone have a name, the Umes for planting and taking up 
‘Ta t!?' tins constellauon In Lambutjo the year is reckoned 

hVt . t ir rt ' ^ mdicate this or 

i vecn ’ SO often happens, -s unable to distmguish 

tu arer Connexion, it follows thai^e 

audiors of the events accompanying their appearance, when 
i 1 oit n , f^tcrference of man So m ancient Greece ^ 

.parr a, d di^sl’^t'*'^ mdieatts” or “makes” certam weather were not kept 
\ sitnilar rr i regarded as causes of the atmospheric phenomena, 

m ) ot rcasonmg is not seldom foun/ among prumnve peoples 

ot'die swen, such as the waming-mcantation 

lime I t “aane given to the Pleiades 

tint the IIM ..otnes [ '^^'■®*'''^ao-guard-the-ram”), and thc*behef 

I’kiades let i' < flit t tnyth of tha Euahlayi tnbe that the 

other words 'send th^r^r and'^AeTh^f Tl" thunderstorms, in 

various pos-ttions of 
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These extracts illustrate how famihar facts in the lives of food-gathering 
and primitive agrarian communities prepare the way for a fixed calendar 
and the emergence of a temple culture The separation of a caste entrusted 
with the social responsibility of regulating the seasonal pursuits of a settled 
agranan economy marks the beginning of written history Only at this 
pomt does the need for a permanent record of events and measurements 
emerge Here, also, we see history repeaung itself— or if you prefer it — 
history at a standstill in backward cultures of the present day Speaking of 
the time-keeping function of the pnesthood in contemporary societies, 
Nilsson says (pp 347-354) 

As long as the determination of time is adjusted by the phases of Nature 
which immediately become obvious to everyone, anybody can judge of them, 
and should different people judge differently there is no standard by which the 
dispute can be settled, because the natural phases run mto one another or are 
at least not sharply defined The accuracy m determination demanded by 
time-reckonmg proper is therefore lackmg Accuracy becomes possible as a 
result of the observation of the risings of stars, and this observation begms even 
at the primitive stage, but it is not a matter that concerns everyone It requires 
a refined power of observation and a clear knowledge of the stars, so that the 
heavens can be known This is especially the case with the commonest observa- 
tions, those of the mommg rismg and evenmg setting The observer must be 
able to judge, by the position of the other stars, when the star m question 
may be expected to twinkle for a moment m the twilight before it vamshes 
The accuracy of the time-determmauon from the stars depends therefore upon 
the keenness of the observation In this the individual differences of men soon 
come into play, along with a regular science which mtroduces the learner to 
the knowledge of the stars and its uses Thus Stanbndgc reports of the natives 
of Victoria that all tribes have traditions about the stars, but certain famihes 
have the reputation of havmg the most accurate knowledge, one family of the 
Boorung tribe pndes itself upon possessmg a wider knowledge of the stars than 
any other By the phases of the stars both occupations and seasons are 
regulated, and thus a standard is furnished by which to judge, and a limit is 
set to the mdefimteness of the phases of Nature The moon strikes the 
attention of everyone and admits of immediate and unpractised observation, 
at the most there may sometimes be some doubt for a day as to the observa- 
tion of the new moon, but the next day will set all right But because the months 
are fixed m their posiuon ud the natural year through association with the 
seasons, the mdefiniteness and fluctuation of the phases of Nature penetrate 
mto the months also, and are there even mcreased, for the reasons stated 
above Cause for doubt and disagreement is given, the problem of the regula- 
uon of the calendar arises Hence m the council meetmgs of the Pawnee and 
Dakota it is often hotly diluted which month it really is So also the Caffres 
often become confused and do not know what month it is, the nsmg of the 
Pleiades decides the question The Basuto in determimng the time of sowmg 
are not guided by the lunar reckomng, but fall back upon the phases of Nature, 
mtelh^nt chiefs, however, know how to correct the calendar by the summer 
solstice The differencts m mtelhgence already make themselves felt at an 
early stage, and are still more plainly shown when we come to a genume regula- 
tion of the calendar* Some of the Bontoc Igorot state that the year Jias eight, 
others a hundred months, but among* the old men who represent the wisdom 
of the people there are some who know and assert that it tas thirtef‘n Tii^ 
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further the calendar develops^ the less does it become a common possession 
Among the Indians, for example, there are special persons who keep and 
mterpret year-lists illustrated with picture-writings, e g the calendrically 
gifted Anko, who even drew up a list of months It is very sigmhcant that even 
where a complete calendar does exist, it will be found that this is not m use 
to Its fullest extent among the people . It follows that the observation 
of the calendar is a special occupauon which is placed in the hands of specially 
experienced and gifted men Among the Caffres we read of special “astrologers ” 
Among the Kenya of Borneo the determination of the time for sowmg is so 



Fig 10 

The mum^shadow^is'short^r ! ^ heavens vanes with the seasons 

shadow i"? ioncest i o th ^ ^ noon sun is highest, on June 2 1st The noon 
eq^oxes, mXay at its lowest, on December 21st At the 

distortion in a flat^fiffurf* Owing to 

shadow, June 21bt mints to shadowy longer than it should be Sunset 

uw, June .ibt, points to where the sun rises, December 21st, and vice versa 

tionTt^*to Village t^ task is entrusted to a man whose sole occupa- 

receive his supplies from the other inhabitants of the viUaee His seoarate 

brobserl'uS tte‘htaht° determmauon of the season isSfFeaed 

The process is a sivrpt .i i,* which specwl mstruments are required 

this mdividual should always followed It is only natural that 

depends *and thus the /’ ** traditional lore upb'n which his posiuon 

enaax*inaker and the common people Behind the 
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calendar stand m parucular the priests But they are the most mtcUigcnt and 
learned men of the tribe, and moreover the calendar is peculiarly their affair 
if the development has proceeded so far that value is attached to the calendar 
for the selecuon of the proper days for the religious observances Among the 
priests there is formed a special class whose duty it is to make observaUons and 
keep the calendar m order Among the Hawaiians ‘^astronomers {kilo-hoku) 



Fig 11 —Fixing the Meridian in Ancient Times 

T he method of equal altitudes was used to get the direcuon of the north point exactly 
The pomts at which this shadow just touched a circle traced on the sand aroimd the 
shadow clock shortly before and after noon were noted, and the arc was bisected, 

t 

and priests” are mentioned, they handed down their knowledge from father to 
son, but women, ktlowahtne, are also foimd among them Elsewhere the nobles 
appear alongside of the priests, thus m Tahiti it is the nobles who are respon- 
sible for the calendar, m J>Iew Zealand the priests In the latter country ^ere 
is said to have been a re^ar school, which was visited by priests and chiefs 
of highest rank Enery year the assembly determmed the da3rs on which the 
com must be sown and reaped, and thus its members compared *their views 
upon the heavenly bodies Each course lasted from tfireS to^ve months 
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Wherever we find a calendar priesthood m existence among contemporary 
peoples in a backward state of culture, or in ancient civilizations as for removed 
L the Megahthic of Stonehenge and the Maya temples of Guatemala, 
knowledge of a second group of phenomena based on the sun s behaviour 
grows side by side with and tends to displace the reckoning of the year by 
the rising and setting ot stars The sun’s noon shadow waxes and wanes 
In using the noon shadow as a Ume marker, man learned to distinguish four 
days which have a characteiistic relauon to the seasonal changes of wind, 



1 ic, 12 — Fixing ihe Dav oe the Equinoctial Festivai 

' lint t iri\ cilendrical monuments that the equmox was fixed by obser- 

\ i ions on iht Using or setting sun of the solstices (December 21st and June 21st), 
when iht s\m rises and sets at its most extreme positions towards the south and north 
rt I cLivcly In the ligurt, A and IB are two poles placed m alignment with the setting 
sun ot the winter solstiee Ihe distanee between A and C m Une with the settmg sun 
ol liic ^umiTier solsuec is the same as the <iistance between A and B Midway on 
Us Journey between the two extremes the sun rises and sets due east and west, and 
the lengiiis o* drv and night are equal Henee these two days (March 21st and Sep- 
tember 2 hd' ire called the equinoxes In ancient ritual they were days of great 
import iiiee 1 he east and west points on the horizon can be obtained bv bisecting the 
angle B VC 


rainfall, and warmth The length of the day is longest when the noon shadow 
IS shortest and the sun travels round the heavens perceptibly nearer the 
noithcm half ot the horizon on the summer solstice (June 21st in our 
calendar) (lug 10) The length of the day is appreciably shortest when the 
noon shadow is longest and the sun rises and sets furthest towards the 
southern limit ot the horizon on the winter solstice (December 21st) Midway 
between these two dates arc two days on which the hands of the sfiadow 
dock describe a semicircle On these two days, the velnal equinox (March 21st) 
and tiic autumnal equinox (September 23rd), day and night are of equal 
length The sun rises exactly halfway between the north and south points 
of the horizon on^th6 ca^t side and sets exactly halfway between the north 
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and south points of the horizon on the west side Due east is the position 
of the nsmg sun on the equinoxes Due west is the position of the setting 
sun on the same days The surface bounded by the track of the equmoctial 
sun from the east and west pomts of the honzon gave the pnestly custodians 
of the calendar a third plane of reference at nght angles to the earth’s axis 
(see Figs 3, 6, and 9) It is called the celestial equator or equinoctial 
One of the earhest problems m the practical geometry of a calendar 
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Fig 13 — The Sun’s (apparent) Annual Retreat through the 
Zodiacal Constellations 

(The South Pole of the earth is nearest to you m the figure ) 


priesthood arose in watctung for the return of the equinoxes One way in 
which the priests of antiquity fixed the exact direction of the mendian is 
shown in Fig 11 With a sufl&ciently long piece of cord fairly high accuracy 
can be secured Laymg off the east and west pomts of the horizon to record 
the equmoxes was probably done in a similar way, two poles or stones bemg 
erected m Ime with the nsmg or setting sun of the summer solstice, and a 
third equidistant fiiom one of them m Ime with it and the nsmg or settmg 
sun of ±e wmter solstice (Fig, 12J The sun of the ^equmoxesj|would rise 
and set along the Ime bisecting the angle between die*suuis positions on the 
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solstices The Eg}'pt>ans already recognized that this could also be done by 
matane a line <it rTght angles to the meridian The division of the daily shadow 
angles wi a late, dav.ce probably of Babyloman ong,. 
Lays the early Leaioo between the art of space n.easuretnmt and *e 
sLaLcesstty of recording the passage of hme The f 

tial half-circle into twelve divisions is not surprising Of aU integral suh- 
muluples of 300“ the angle 1.5“ is the smallest whole number which we can 



Fig 14 

Noon on the solstices at lat 45^’ N On June 2 1st the sun is highest m the heavens, 

1 e nearest the zenith Its zenith distance (Zj) is least On December 21st the sun is 
loN\cst in the heavens — furthest from the zenith Its zenith distance (Z,) is greatest 
The angle E is the angle which the sun’s apparent annual track (echpuc) makes with 
the equator (equmoctial) of the celestial sphere On March 21st and September 23rd 
day and night are of equal length, and the sun appears to he on the celestial equator 
at noon Note its zemth distance is then pracucalJy equivalent to the observer’s latitude 
(Compare I igs 15 and 25) 

easily make by elementary methods of construction By knotting cords at 
equal lengths we can peg out an equilateral triangle Successive bisection of 
the angles of the equilateral triangle then gives 30° and 15° 

The phenomena of the rising and setting of stars show that the sun 
changes its position relauve to the fixed stars, as if retreating eastwards 
through a complete circle m the celesual sphere To account for the changing 
height of the noonday sun and the duration of the Says and nights through- 
out the year, a second conception took shape The sun appears to slip 
back throilgh a trac^, the echptic, whjch is placed obhquely with refer- 
ence to the polai axis fpigs 9, 14) By about 3,000 B c we have ample 
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evidence that the priests of Egypt had constructed simple instruments for 
measuring the angular direction of the stars, and were accustomed to watch 
for the moment when a star crosses the meridian, i e the great semicircle 
which cuts the north horizon, the Pole Star, the zemth vertically above the 
observer, and the south horizon By noting the direction of the sun from 
the south horizon when it crosses the meridian at noon, they were able to 
identify the sun’s annual track through a belt of twelve star clusters, called 
the Zodiac, corresponding to the twelve 30-day months of the Babylonian 


Volz StcU'^ 



Fig 15 

U tlic stars are immensely distant the sun’s apparent track through the echptic is 
equally explicable if we assume that the earth really moves annually round the sun 
with Its North Pole always pomtmg towards the celestial pole and the plane of its 
equator always parallel to that ot the celestial equator in an orbit which is obUque to 
the latter (Compare Fig 14 ) 

year (Fig 13) The star clusters of the Zodiac are not systems of bodies 
with any known relation among themselves They are simply signposts of 
the seasons The times o*f rising and setting of a zodiacal constellation and 
Its height above the southern horizon when it crosses the meridian correspond 
fairly closely with the times of sunrise and of sunset and with the height of 
the nf)on sun six months earlier or later (see Fig 9) The names of the Zodiac 
star clusters are Aries, Taurus, Gemini, Cancer, Leo, Virgo, Libra, Scorpio, 
Sagittarius, Capri^omus, Aquarius, Pisces 
That two of these names are fapihar to all of us draws attenuon to the 
far-reachmg unportance of the hypothesis which gradua^y developed frdm 
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this foundation It is true that all the facts are equally intelligible on another 
view, if we bear in mind what we now know about the immense distance 
of tht fixed stars The sun’s apparent track through the echptic is also 
explicable if we assume that our train is movmg and the sun’s engme is at 
rest^ Ail that we can see is compauble with the more sophisticated, and for 
the prc>,ent purpose i< ss stiaightforw^ard, hypothesis that the earth pursues 
a slantmg annual track around the sun with its polar axis always at the same 
angle to the ecliptic plane (Fig 15) On either view we have made a very 
big advance m our knou ledge of tlic earth through widemng our knowledge 
of he heavens We shall see this better when we have taken into account 
mother thss ot events which clarified the recogmuon that our earth itself 
is 1 spherical bod> 

Wiih*rcgard to the formative influence which the calendar exerted m the 
^arlv stages of civilization, the important pomt to grasp is that the determin- 
ation ol the >ar as the interval between successive summer or wmter 
^oisticL^ or alternate equmoxes demands attention to measurement Thus 
NiKson, sp aking ot contemporary communities, says (pp 311-318) 

An ohscrv>tioi of the annual course of the sun, therefore, unlike that of 
tliL stirs — which everywhere, no matter where, can be performed imme- 
di iiclv— -demands a lixed plaee and -special aids to determination It follows 
thu n obscrvition ol the solstices and equinoxes belongs to a much higher 
St \yc of 1 1 \ ihzation th \n does ilia*- of the stars It is used by the Eskimos, 

» hive i very liighlv developea sense of place, and know how to make good 
111 ips Moilovci, where the sun in winte'r stands very low on the horizon, and 
tor 1 lime dtogcilier disappears beiicatli it, the eonditions are very favourable 
tor the ob erv if ion of Us return Older autliors say that by the rays of the sun 
on f’ loeks tile 1 skimos ean tell with tolerable accuracy when it is the shortest 
\ \\ , more leeeiuly we have been told of the Ammasalik that they can calculate 
hi vui.hiiul the time ol die shortest day— and that accurately to die day — not 
oni , tnun die solsLiti il point, but also from the position of Aitair m tne mormng 
t\s ili»:;ht 1 V begin their sprmg when the sun uses at the same spot as Altair 
1 he Ineis ereeted artifieial marks "I here were in Cuzco sixteen towers, 
euju to tile west iiiel eight to the eist, arranged in groups of four The two 
niiddt( ones were uiialli r dnm the odiers, and the distance between the towers 
w is eiglir, ten or twenty feet 1 he space between the litde towers through 
wliuh the sun pused at sunrise and sunset was the pomt of the solstices In 
oulci to \^nlv this the Inca chose a favourable spot from which he observed 
eiu lulls ss hither the sun rose and set between the litde towers to east and 
ssot 1 >r die ('»bserv ition of the equinoxes richly ornamented pillars were set 

in the i>[Kii spice bcfoic the temple of the sun When the time approached, 
the indsuv ot the pillars w is carefully observed The open space was circular, 
iiid i hue was drawn dirough its cenirc from east to west Long experience had 
t lught tile 111 where to look for die equmoctial pomt, and by the distance of the 
bhivlow from this point they judged of the approach of the equinox When 
frcmi suiuise to sunset die shadow was to be seen on both sides of the pillar and 
not at all to the south of it, they took that day as the day of the equinox 'This 
last ie(ount IS for Quito, which lies just under thb equator At the spring 
equiiicA tlu maize was reaped and a feast was celebrated, at tfie autumn equmox 
the people celebrated one ot their prmapal feasts The momhs were calculated 
irmn the winter soi^sticb • One would suspect that this Melanesian science. 
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like the knowledge of the stars, is borrowed from the Polynesians for the latter 
understood the annual course of the sun In Tahid the place of the sunrise was 
called tatahetta^ that of the sunset topa-t-era The annual movement of the 
sun from the south towards the north was recognized, and so was the fact that 
all these pomts of the daily approach to the zemth lay in a hne This meridian 
was called fera-hwatteay the northern point of it tu-errauy and the opposite 
point above the horizon, or the south, toa According to other sources the 
December solstice was called rua-maoro or rua-roay the June solstice rua-poto 
The Hawanans called the northern limit of the sun in the echptic “the black, 
shining road of Kane,” and the southern limit “the black, shinmg road of 
Kanaloa ” The equator was named “the bright road of the spider” or “the 
road to the navel of Wakea,” equivalent to “the centre of the world ” How 
the Polynesians came to recogmze the tropics and the equator is unforjunately 
unknown, but certainly they did it like other peoples by observmg the solstices 
and equinoxes at certam landmarks , Agricultural peoples m particular 
have developed various methods of this kind The rice-cultivatmg peoples of 
the East Indies use various methods m order to determme the important 
time of sowmg Of the observation of the stars we have already spoken Among 
the Kayen of Sarawak an old priest determines the official tune of sowmg from 
the position of the sun by erectmg at the side of the house two oblong stones, 
one larger and one smaller, and then observmg the moment when the sun, in 
the lengthemng of the hne of connexion between these two stones, sets behind 
the opposite hill The sowmg-day is the only one determmed by astronomical 
methods In other respects the time-reckomng is a more or less arbitrary one, 
and IS dependent on the agriculture Of the hollows in a block of stone at Batu 
Sala, m the river-bed of the upper Mahakam, it is said that they origmated in 
the fact that the priestesses of the neighbourmg tribes used formerly to sit 
on the stone every year m order to observe when the sun would set behmd a 
certam peak of the opposite mountam This date then decided the time for the 
begmnmg of the sowmg The Kenyah observe the posmon of the sun 
Their mstrument is a straight cylmdneal pole of hardwood, fixed vertically 
m the ground and carefully adjusted with the aid of plumb-lmes, the possi- 
bility of Its sinkmg deeper mto the earth is prevented The pole is a httle 
longer than the outstretched arms of its maker and stands on a cleared space 
by the house, surrounded by a strong fence The observer has further a flat 
stick on which lengths measured from his body are marked off by notches 
The other side has a larger number of notches, of which one marks the greatest 
length of the midday shadow, the next one its length three days after it has 
begun to shorten, and so on The shadow is measured every midday As it 
grows shorter after reachmg its maximal length the man observes it with special 
care, and announces to the village that the time for preparmg the land is near 
at hand In Bah and Java the seasons are determmed by the aid of a gnomon 
of rude construction, havmg a dial divided mto twelve parts 

THE LOCAL EVENTS 

Injthe pnestly calendar lore, magic and genume science were mextncably 
entangled The social necessity of measurmg time arises from the seasonal 
fertihty of man’s biological allies, and the earhest explanations of the celestial 
events were frequantly mixed up with man’s preoccupation concermng his 
own fertihty What are sometimos offered as rival .explananohs of early 
practices are really different ways of saying the same lihmg The phallic 
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tension of wahng and the monthly cycle of a woman’s hfe were closely 
associated with sunrise and lunar phenomena in the thought of primitive 
man To say that an obelisk is a sundiah and to say that it is a phallic symbol 
mvolves no contradiction Fertility and timekeepmg were very closely con- 
nected m the same social context Man had to be disciphned into the recog- 
nition that his own world is not the centre of the astronomical universe He 
had to outgrow die belief that his own person is a sufficient model of natural 
processes m chemistry and biology In psychology and social science he has 
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Fig 17 


Total eclipse showing the sun’s atmosphere just seen beyond the margm of the moon’s 
disc (i e the sun’s angular diameter is approximately the same as that of the moon) 




Fig. 18 

Echpses A total solar eclipse, C tfital lunar echps^ 5* e^h’s shadow see© as 
moon is at begimung of a lunar eclipse • 
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ihciinv^d abcut 5° to the echptic (i e to the plane of the earth’s orbit, as we 
nov. ;.av) So the moon’s path round the earth only cuts the earth’s path 
round the sun (or the sun’s apparent track round the earth) at two points 
c<illcci nodes (see p 103), and an echpse can only take place if the moon is at, 
or very near to, a node when the two nodes are m hne with the sun and the 
cirth Relative to tiie fixed stars, the direction of the line which joms the 
nodes rotates slowly 1 he sun passes a particular node every 346 62 days 
1 his IS less than a year because the nodes are movmg from east to west, 
and meet the sun before it completes its yearly circuit So if earth, moon, 

dcs, and sun arc in hne at any time, they will be m hne once more about 
eighteen years* later More preasely this period is 18 years 11 J days If 
an eclipse occurs on a particular date another one will occur at the same 
phec years II J days later This cycle is still called the Saros, which 
IS the name given to u by the Chaldean pnests It did not help people 
to arrange tht n meal-times and mght journeys, to prepare for the lambmg 
season, or to sow their crops For the art of time reckonmg the Saros had 
no paiucu’ar use Its discovery was prompted by a combmation of super- 
siiuon and racketeering Once made, it served to direct attention to two 
of ihc basic prmaples of scientific geography Observation of echpses m 
di Here lit places showed that solar time is local (see p 78), and co^rmed 
ihc briict that the earth is a spherical object (Fig 18, b) The fact that 
lunar eclipses occur when the moon is practically m the echptic plane 
s )ws that the circular edge ol the shadow on its face is the shadow of 
the e irth itself 

As soon as trade intercourse began, many other facts helped the growth 
ot this b' lief When ships appeared in the Mediterranean, maritime people 
iccustomed to the sight of the mast sinking last below the horizon, 

>r the mountain rising first as land was sighted (Fig 19) Little later than 
lu Semitic traders were pushing north beyond the Mediterranean 
towards the fin Isles, bringmg back tales of tlie long summer days and the 
lo’ winter nights of the northern regions They told, too, how the aspect 
oi the night sky changed Stars low on the northern horizon became higher 
m the hcivcns as ships sailed mto the northern seas A fact most fatal to a 
li u earth view was that southern constellations disappeared entirely (Fig 20) 

1 4 0111 view lo be sure, the behef that the earth is truly spherical (or nearly 
so) could only be settled by showmg that a degree of latitude is the same 
distance if measured anywhere along any meridian of longitude, and a 
ikgree of longitude in the same latitude is always of the same length We 
shall conic to that later Here it suffices to remark that the behef m the 
sp eric’ty of the earth is of very great antiquity, and, that there were a number 
ot good reasons to support it 
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kifld V rotauon is fourd by repeated observations of the same 
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FIRST STEPS TOWARDS A WORLD MAP 
The construction of the calendar taught mankind many lessons which 
were only fully assimilated when mantime trade developed The phenomena 
on which we base the measurement of our fundamental units of time can 
only be explained if the spherical earth has a very definite orientation with 
respect to the celestial sphere To begin with, we have already drawn the 
conclusion that there is one spot — the North Pole — which lies directly 
below the celestial pole or Pole Star The plane of the echptic must cross 
the world at upper and lower hmits defined by two belts where the sun will 


d 



Fig 19 — The Tangent qf the Horizon Line 

be at Its zenith (i e exactly overhead) on the summer and wmter solstices 
respectively (Fig 14) These are the tropics Withm the tropical belt the 
direction of the sun’s noon shadow will change twice m the course of the 
year, a fact which could Ibe observed in the southernmost parts of Egypt At 
the equmoxes the sun occupies the apparent position where the echptic cuts 
the celestial plane at right angles to the axis of the celestial sphere This 
planS, the celestial equator, cuts the earth at a belt, where day and mght are 
always equal and the sifh is at its zemth on the equmoxes Fmally, the axis 
at nght angles to jhe echptic through the earth’s centre must trace out a belt 
north of which the sun never set§ at midsummer Men were beginnmg to 
grasp these truths firmly long before they had* fifst-ljand expcncncc'* of 
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them In the fourth century b c the Greek matenahst Bion taught the doctrine 
of the midnight sun in the A^rctic Circle, which no ships had yet penetrated 
The accuracy with which the Egyptian priests determined the length of 
the year, as well as the orientation of their temple sites, bear witness to 
something more than the recognition of an orderly sequence of events in the 
day and mght sky At an early date they had already begun to recognize certain 
metrical uniformitiCb Simple devices for measurmg the angular bearings 
of a star are dated as early as 3<K)0 e c The local bearings of a heavenly body 
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1 iG 20 Apharance or mt Night Sky in Different I atitudes 
T he sun IS over die equator and the time of the year is supposed to be the autumn 
equinox At latitude 1(1' star A will be visible throughout Me night m aumC a“d 
invisible at midnight m spring At latitude Oir k will be seen crossing the^JJ^idian 
above the poh |ust south of the renith at midnight in autuUMj and wil] be visible 
mvht ^elovv the pole, making ns lower culminauon at mid- 

night on the spring equinox Star B will be visible at latitude 30° throughout part of 


'’v*' ^‘Mude (angular height 

above the honzon), or its complement called the zenith distance (Figs 3, 21, 
and 1 14) fhe other bearing is its angular distance east or west of a fixed 
fwint on the horizon Measured from the north point eastwards it is called 
the azimuth For measurmg alutude (or ZD). and azimuth a simple 
instrument esscnually like the sort of astrolabes or quadrants used m anaent 
umes ^ easily be made from a large protraaor for blackboard use, as in 

In takmg the hftanngs of the stars tn the night sky the two important 
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principles which underhe the system of earth measurement by latitude and 
longitude were established long before the first star maps^ described m the 
next chapter, were constructed The first of these is imphcit in the primitive 
art of tellmg the tune by the stars At a very early date the priestly custodians 
of the calendar were familiar with the use of simple mechamcal devices for 
measunng short intervals of time In prmciple they were analogous to the 
sand-glass which used to be sold to time the boihng of an egg They could 
record the moment when some star crossed the meridian (i e when its 



Fig 20 — Contd 

the night during autumn, crossing the meridian towards the southern margin of the 
horizon at midmght on the equmox It will be mvisible m the spring night At latitude 
bO® it will never be visible, since its upper transit lies below the horizon plane For 
the reasons explamcd on p 58, with the aid of Figs 29 and 10, the effective horizon 
may be drawn through the earth’s centre parallel to the tangent of the horizon plane 
at the earth’s surface The part of the celestial sphere below the horizon is shaded 

azimuth is O'" or 180°) and the mterval which elapsed before another star 
crossed it by measurmg the outflow of sand or water from a vessel Hence 
they knew that the mterval is constant for any two stars chosen 
The stars appear to revolve uniformly around the pole, and their relative 
positions can be represented on semicircles radiating from the latter (see 
Fig 48) The time which has elapsed smce a star crossed the mendian can be 
measured by the angle through which its own celesual senucircle has rotated 
Smce the whole dome of heaven appears to rotate through 360° m 24 hours, 
an angle of 15°, i e, 360° — 24, between the celesual semiSircles on which two 
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stars he is equivalent to a difierence of an hour in their times of transit over 
the meridian In the accompanying figure (Fig 23) the star a in Cassiopeia 
(A) IS roughly Mf from the furthermost of the five bright stars m the same 
constellation So it takes about mo hours for Cassiopeia to cross the meridian 
iht furthermost bright star (C) m the tail of the Great Bear is roughly 
210*^ from a Cassiopciae Ihe dilfercnce in hour angles is 210 — 15 or 14 
hours I hat is to say, the tail star of Ursa Major crosses the meridian at its 



I lie dircLiuMi ol 1 Lcltj^tial body um be lL\ed by t\vo angles, the angle it makes with 


upper culnimjuon,” roughly 14 hours after a Cassiopeiac The hour angle 
dillcrencc. of the stars give us an orderly picture of their appearance and 
. ppuirancc on the horizon 1 he bright star Betel^euse in the consteUation 

So a ho •’y of nearly 6 hours from a Cassiopeiae 

,1m t at us upper culminauon, Bctelgeuse will be Ling 

almost exau y due cast of the pole See also Figs 47, 48, and 49 

1 Monuments) reproduces a figure lUustfetmg 

bv watchma ^°"j5^;'*-<'entury England to teU the time at mght 
Imc the T Great Bear in 

a dial the centre f i ^ ** e^entially; a movable arm which rotates on 
dial, the centre o/ whidi is perforated (see Fig 147, Chapter V) To use 
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It, you would look at the Pole Star through this hole, move the dial m line 
with the pomters, and read off the tune on the dial which could be cah- 
brated like a plamsphere (p. 94) for each day m the year Hooke {New 
Yearns Day) states that pictorial representations of crude mght dials based 
on essentially the same pnnciple come from ancient Egypt The exacutude 
with which the priests of these early cividizations endeavoured to determine 



Fig 22 

A simple theodolite or astrolabe for measuring the angle a star (or any other object) 
makes with the horizon (alutude) or the vertical (zemth distance) can be made by 
fixing a piece of metal tube exaaly parallel to the base Ime of a blackboard protractor, 
which you can buy from any educational dealer To the centre pomt of the protractor 
hx a cord with a heavy weight (e g a lump of type metal which any compositor will 
give you free if you ask him mcely) to act as plumb Ime The division opposite the 
cord when the object is sighted is its zemth distance (Z), and the altitude (h) is W—Z, 
If you mount this to move freely on an upright wooden support which revolves freely 
on a base with a circular scale (made by screwing two protractors on to it) and fix a 
pomter in line with the tube, you can measure the azimuth (az) or bearing of a star 
or other object (e g the settmg sun) from the north-south mendian To do this fix 
the scale so that it reads 0® when the sighter is pomted to the noon sun or the Pole 
Star This was a type of instrument used to find latitude and longitude in the time of 
the Great Navigations You can use it to find the latitude and longitude of your house, 
or to make an ordnance survey of your neighbourhood 

the occurrence of celesual signals is illustrated by a Babylonian text which 
belongs to the tune of Hammurabi In it the heliacal nsmgs of three con- 
stellations are given by weight (4 minas and 2 imnas) correspondmg to the 
outflow of water from a sunple water clock or clepsydra analogous to the 
sandglass. 

The construcaon of the Great Pyramid shows that the Egyptians made 
exact measurements of the position of the stars at transit as well as when 
rising or settmg Such observations entail the recogmuon of a second 
uniformity of measurement This also was a very early discovery When it 
crosses the menoian, the alutude of any star (or its Z D ) is always the same 
at a particular place Smee the *pole is fixed, we may also represent the 
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posnion of a star in the heavens by the diferen^ between its i^ndian 
altitude* (or Z D ) and the altitude (or Z D ) of the Pole Star This difference 
IS now called the North Polar Distance, and its complement is now caUed 
the decliriatwn of the star Thus 


North Polar Distance - meridian altitude of star — alatude of Pole 
or North Polar Distance Z D of Pole — ZD of star 
Declination ^ <)(f — N P D 


Declination is thus the elcvanon of a heavenly body above the celesoal 
equator, and is of course negative .n the case of bodies which transit south 
of the celestial equator ^Fig 24) 



1 l(i > — 1 in Si AK C LOCK 


sill w nil' lu)\v iliL rcliiiVL positions ol the stais miy be represented by the time 
lull i\ il lKissi.t.n thou trinsus over the nuridiaii The star A in Cassiopeia is almost 
illicitly iluHt tliL pok, 1 L Its hour angle is zero (— XXI V) The star C m the Dipper 
viosst 1 iIk nuiidim ten hours earlier, i e its hour angle is X 

Nt 41 — Shkl the eekstnl sphere rotates once in 24 hours the time which will 
clipsc be jot i. I stir erosscs the meridian is the diftcrence between 24 and its hour 
ingle I bus II in ( issiopei i will transit above the pole in 2 hours, and its hour angle 
IS j 22 or 2 i he Hour angle ol C m the Dipper is + 10 or ~ 14 


T he lull significance of these facts dad not clearly emerge until the study 
of the he ivens received a new impetus m the great centres of Mediterranean 
shipping As travel developed, the priestly lore of the calendar became the 
possession of Semitic trading peoples, who transmitted their knowledge to 
the Greek world When astronomy ceased to be local and began to be 
international, observations made at dilTcrcnt places 4:ould be compared The 
result of this was another important discovery Although the meridian 
altitudes varv from place to place, the N P D of a star, like the difference 
in hour angle between any two stars, is tlie same everywhere (Fig 24 ) yhus 
the position of the star in the heavens can be fixed for any observer by two 
coordinates — its hour angle difference referred to any one star and its N P D 
(or dechnation) These two data are all that is required for constructmg a 

/ 1 pui»os^, must be reckontd from the north point of the horizon 

Z.enjt2i distances soutji of the zemth are reckoned as negative. 
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Star map or plamsphere From the star map it was a very short step to the 
first world maps of latitude and longitude The Alexandrian maps opened 
up vistas of unexplored territory waiting for the ships of Columbus, 
Amerigo Vespucci, and Magellan 



in 



Fig 24 

The highest alutude of a star varies from place to place, but the difference between 
the highest altitudes of any •two visible stars, 1 e the difference between their altitudes 
at mendian transit, is the same at all places (The two stars chosen are Aldebaran 
and Sinus They are drawn as if they crossed the celestial meridian at the same time 
In reahty Sinus transits about two hours later than Aldebaran ) 
r 

One class of measurements of great antiquity arose m connexion with the 
fixing of the year from the summer solstices This was the determination of 
the “obliquity of^the echptic,” i e the angle which the sun’s track m the 
zodiacal belt makes with the celestial equator Chy^ieje astronorners are said 
to have calculated the value correct withm a quarter of ^ degree by as early 
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Sun Av. uch t’ j 
= L \tJiuL 


Sz-^7’5 zeruth dbstaijcii 


= iat + (Xbhqudy' 
of Ldiptic, 


i U, 1 (,M I IAN \h^\SUKEMENT Ot THE OPLIQUm OF THE ECLIPTIC FROM THE 

Sun’s Noon Shadow 

\t noon the sun is highest The pole, the earth’s centre, the observer, and the sun, 
\XL ill in il c sime pi me (,or flu surface”) On the equinoxes (March 21st and $ep- 
ttiubn ’ hd'i the svin’s zenith distance at noon is the observer’s latitude (30° at 
\itmplus) It the obliquity ot the ecliptic is I 

I * 1 sun’s zenith distance on wmter solstice (December 21st) 

I 1 - sun’s zenith distince on summer solstice (June 21st) 

So the obliquirt ot the ecliptic is 

A (.sun’s z d, on December 21st — sun’s z d on June 21st) 


4s 1000 B c. The Egyptians and Babylonians almost certaiEly had an equally 
accurate csti nate at a much earlier date The accuracy of these early estimates 
was achieved by la'rg^ scale of the instruments used, and gives us some 
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insight into the apparently pretentious dimensions of the great calendar 
monuments Two obeUsk measurements repeated over several years suflice 
(see Fig 25) to give a very good mean value for the obliquity of the ecliptic 
Unwittmgly, as you will see from the same figure, those who first made these 
measurements also encountered another quantity If is the sun’s zenith 
distance on the wmter solstice and Z, is the sun’s zemth distance on the 
summer solstice 

i(Z,+ Z,)=L 

To them the quantity L was nothmg more than the zenith distance (Fig 2()) 
of the noon sun on the eqmnoxes, hence a direct way of fixing the time of 


Zfsnidt 



Fig 26 —Latitude from Sun’s z d at Noon on the Equinoxes 

On March 21st and September 23rd day and mght are of equal length throughout the 
world So the sun hes above the equator At noon the sun always lies over the line 
louimg the north and south pomts of the honzon, 1 e the observer’s meridian of 
longitude So the sim, the poles, observer, zemth, and earth centre are all m the same 
flat slab (or “plane”) of space Smce the edges of a sunbeam are parallel, the sun’s 
z d at noon on the equmoxes is the observer’s latitude 

a fertility festival which has persisted m the Lent observances of contemporary 
mythology To us it is a ^damental physical constant It is numerically 
equivalent to what we now call the latitude of the observer You can find the 
latitude of your house withm a quarter of a degree by observing the sun’s 
alutude at noon on March 21st or September 23rd There wdl be a slight 
error m all such calculations if you only make the observation on one occasion, 
because it will rarely happen that the exact moment at which the sun is 
above the equator will also be exactly noon at the place where you hve 
The very precise measurements of the ancients represented the* average ^of 
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many observauons made repeatedly The eclipuc ^ngle w c e 
latitude of the tropical belts is between 23° and 24 At on 
51° N ) the sun’s zemth distance at midsummer is 51 - ^ 

at midwinter 51°i-23r = 74r The sun’s ^“e at noon « 62 
(90° — 27 1’) on Tunc 21 st The midwmter noon sun is only lOg (uu ) 

above the h^riion 1 he Arctic Circle which defines the linut of the midmght 
sun on the summer solstice is at latitude 90 231 ^^2 



1 lie aliiuidc Uioruon angle) ot tJic Pole Star is die observer’s lautude, both being 
equivalent to 00'’ — 2 d oi Pole Star 


In making observations on the elevation of celestial bodies it is probable 
that vile calendar-makers of the early Mediterranean civilizations had dis- 
covered another tact of great geographical importance On the equinoxes 
the sun's /eiuth distance is the same as the mean mghdy altitude of the 
Pole Sur Hus was actually the star a m the constellation Draco at the 
time when the Great Pjramid was built The meamng of this is easy tf see 
On the equinoxes the sun is in the plane of the celostial equator The direc- 
tion ot the Pole Star is at right angles to the celestial equator You will 
therefore see (Fig 27) that the elevation of the Pole Star above the horizon 
IS che same as what ws^nQw call the latitude of the observer In the northern 
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hemisphere all you have to do to find the latitude of your house is to take 
the horizon angle of the Pole Star with a home-made instrument like the one 
in Fig 22 You should not make an error of more than T This tells you 
your distance from the equator or North Pole within 70 miles 
Certam geometric principles underlie all these early measurements, and 
play an important part m the later developments of the Alexandrian astron- 
omy Expressed in modem language, the first is that hght rays from the 
heavenly bodies are parallel At first sight this might seem a danng assump- 
tion The fact is that the straight parallel edges of a beam of hght were not 
laboratory curios to the first civilized men In an age when there was no 
glass, and dust abounded, windows were high narrow slits to exclude vind 
and rain The sharp straight edge of a shaft of bright light piercing a narrow 



The same star, whose declinanon is 45° North, as seen at transit from latitude 65° N , 
20° south of the zemth (z d = — 20°) and from latitude 25° N , 20° north of the 
zemth (z d = -f 20°) 


orifice along a path of scintillating dust was one of the commonest facts of 
everyday life in ancient umes All ±e phenomena of shadow reckomng for 
timekeeping and architectural construction sustained the same belief 
Then there was the principle of tangency demonstrated by the shadow 
cast by curved vessels One of the earliest geometrical principles used in 
astronomy was that the line )Oimng the zemth to the observer must pass 
through the earth’s centre, if produced far enough This follows from the 
elementary pnnciple that the hne joining the centre of a circle to the pomt 
where the tangent grazes the boundary is at right angles to it Since the edges 
of thr beam of light are straight, the observer’s horizon plane is tangential to 
the earth’s curved face oThe zemth axis is the direction of the plumblme 
The hues joimng the zemth and the earth’s centre to the observer both make 
right angles withes horizon plane, and are therefore coUmear The pole, 
the zemth, and observer are all m’the same plane,, wj^ch we have called the 
mendian The earth’s centre is in this plane, and so is the earth’s axis, i e 
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the line joining the pole to the earth’s centre This means that we can make 
flat .hagrarns of the relations between an observer, a star, and the earth’s 
centre, traced on sand or drawn on paper, provided that everythmg (Fig 41) 
drawn is in the meridian plane at ^e same time The direction of a star is 
given by the angle it makes with the plane of the equator at the earth s centre 
As you will see from Figs 2H and 31, this is the same as its dechmtton, and 
explains why the N P D (hence also dechnauon) is independent of the 
observer’^ locabty 

Another simple geometrical principle which was implicit m the earhest 
attempts to diagrammati/c the experiences which we have dealt with, is worth 
menuomng, because there an inescapable distoruon in any diagram like 
those ig 1 nc light beams of heavenly objects appear to be parallel 



hiG 29 

It the si/c ol the earth is very small compared with the distance of the stars, the 
(observer s hoii/ori practicalK coincides with a plane through the earth’s centre parallel 
lo the iKi’iil plane ot the horuon Id other words, we see practically half the celestial 
splicrc u niv im nicnr 


because they arc very far away This means that the celestial sphere is 
unmense compared with the earth For practical purposes the observer’s 
iiortli-south horizon line can be replaced by a parallel hne m the meridian 
plane drawn through the centre of the earth as m Figs 29-30 So we actually 
sec halt the celestial sphere, and the east and west pomts of the horizon arc 
in the same plane as the equator 

Such conceptions did not grow out of a preconceived system of logic 
It would be more correct to say that geometiy' grew out of them Geometry 
was largely the offspring of astronomy and its sister craft of architectiire m 
the calendar civibzations of the Mediterranean wofld Admiration mspired 
by Grei^k hterature has fostered a legend which associates Greek metaphysics 
with real or supposmous achievements of the Greeks m other domams 
Although Eudid tfkes uS through twelve books before he arrives at the 



59 


Pole Star and Pyramid 



For the reason explained in Fig 20 the equinoctial or celestial equator cuts the 
horizon plane due east and due west 



Fig 31 

The direction of a star as seen from the earth is everywhere the same as measured by 
the apgle between it and the celestial pole, i e the difference (N P D ) between its 
z d (or altitude) and^that of the pole when it crosses the meridian The N P D is the 
complement of the angle ^declination) which the star beam makes with the plane of 
the equator as it passes over the observer’s mendian The decimation is equivalent 
to the star’s menditCu zenith distance (E) as seen by an observer at the equator 

N P D = star’s zomth distance at North Polcj 
Decl — star’s ^emth distance (E) at ei^uatijif 
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arei of the circle and sphere, the Egypuans already possessed correct 
formulae for the volume of a pyramid and the area of a sphere by about 
1500 B c (Moscow papyrus) The Rhind papyrus gives a value of tt equiva- 
lent to 3 16 m our notation, or less than I per cent out Only gross ovct- 
valuauon of the contents of books accounts for fadure to appreciate the 
mteUectual equipment of people who made the angles of the Great Pyramid 
With a precision equivalent to 0 06 of a degree 


THE MODERN CALENDAR 

The publicauon of mt..rnauonal radio programmes reminds us that our 
own civili 7 ation makes much more exacting demands on the precision of 
calendncal practice than did the seasonal practices of a primmve agrarian 
economy To a large extent the elaboration of the principles involved in 
modern time-keeping has arisen from the needs of navigation and, in 
particular, from the problem of determimng longitude with accuracy at sea 
Hence the theoretical explanauon of present-day practice must be deferred 
to another conteM, where the reader may meet it at a later stage in our 
narrative I he remainder of this chapter will be devoted to a brief survey 
of the evolution of timekeeping in historic times 

"1 he IS no absolute measure of ume In the last resort all our mechanical 
instruments arc checked against the same standard — the mterval between 
two mt*-iclian transits of the same celestial body To put the matter in another 
way, the possibihry of measuring time m shorter intervals rests solely on the 
fact that wc arc able to construct devices like hour-glasses which empty 
themselves, or pendulums which swing, a constant number of times between 
the appearance and re-appearance of the same star on the meridian This 
fundamental umt is called the stdertal day Its mechamcal division into 
24 hours of 00 minutes and 3,600 seconds constitutes the actual system of 
time used in observatories in contradistmction to the system of time used 
in Civil hfc 

The apparent position of the sun m the echptic, when it is crossmg the 
celestial equator at some time on the March equmox, is taken as the ongm 
of reference in reckonmg sidereal time Sidereal time begins when the 
pomi where the celestial equator mtersects the echptic crosses the meridian 
This point of intersection, which is the Greenwich of the celestial sphere, 
IS called the lurst Point oj Aries, and is usually denoted by the ancient 
zodiacal sign for the ram (t) We shall see later (p 95) how to find exactly 
where it is From what has been said on page 50, you will see that the 
dilference of hour angle between any star B and ‘a star A on the celesual 
semicircle traced through r from pole to pole (see Figs 23 and 49) is the 
sidereal time at which the star B appears on the meridian. The star a m 
Cassiopeia is very close to the hour circle of T , and smee the sun is always 
less than a degree from T at noon on the vernal equmox, noon March 21st 
/ 24 X 60 \ 

is within 4^ mmutes ( = ^sidereal clock So 

the hour angle wlvch separates a star from the first pomt of Anes is approxi- 
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matcly the tune which elapses between its mendian transit and that of a 
Cassiopeiae 

Although the sidereal day is the basic system of umts and the one used 
in observatories, it is not suitable for everyday use For everyday use the 
number assigned to an hour must correspond with our workmg, feedmg, 
and sleeping habits Everyday life was regulated by the solar day when 
sundials were used The time of the day when the noon sun crosses 
the meridian, halfway between sunset and sunrise, always registers tw^elvc 
o’clock on the sundial Hour glasses or clocks, checked by the meridian 
transit of stars, register any number from 0 to 24 sidereal hours at solar 
noons between one vernal equinox and another This is because the solar 
day is longer than the sidereal day The sun, as we have seen, is continually 
shppmg backwards in the ecliptic In a year it gets back to where it was 
before It has therefore receded 360°, which is the angle through which the 
stars rotate m one sidereal day Thus the shadow clock loses one day per 
year In an average day it loses 

24 X 60 ^ 

— - = 4 mmutes (approximately) 

obo 

The day after the vernal equmox solar noon would register 0 hour 4 minutes 
instead of 0 hour on the sidereal clock Fifteen days after the vernal equinox 
noon would be 1 hour by the observatory clock At the end of three months, 
1 e on Jime 21st, noon would occur at 6 o’clock by sidereal time 

The mendian transit of the sun gives us a solar day^ which is approximately 
4 mmutes longer than the sidereal day Unfortunately the exaa length of 
the solar day is not constant A clock or hour glass which always registers 
the same number of sidereal hours and mmutes between successive transits 
of the same fixed star does not register exactly the same number of mmutes 
from noon to noon on different days of the year The social mconvemence 
of this fact is what forces us to take the sidereal day as the fimdamental 
umt to which everythmg else is referred If we agree to regard the diurnal 
rotation of the fixed stars as our best possible approximation to an absolute 
standard, the relative irregularity of the solar day can be explamed as the 
result of several circumstances of which the two most important will be 
explamed m Chapter IV They are the obliquity of the ecliptic^ and the form of 
the earth* s orbit 

Owmg to the obliquity of the echptic the sun’s apparent annual motion is 
not m the same plane as its apparent diurnal rotation with the fixed stars 
When it IS “m Cancer” 9 r “m Capricorn” it appears to be movmg backwards 
m the ecliptic m a direction (Fig 9) practically parallel to its apparent diurnal 
mouon In Aries or Libra its apparent path is very obhque So even if the sun’s 
apparent mouon m the echptic were perfectly regular — or, as we now say, even 
if the earth moved m its orbit at a umform speed — the shadow clock would not 
lose time at exactly the i,ame rate throughout the seasons Later we shall find 
that the angular velocity of the earth’s orbital motion is not constant Another 
fact, which did ndt emerge till it was possible to give a satisfactory account of 
the motions of the planets, is that 'the sun’s apparent path is not exactly cir- 
cular, though nearly so, Accordmg to what we now toow (Chapter I\0 the 
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earth moves in a nearly circular ellipse, and the sun is not exactly at its centre 
Even if It moved with constant speed m its track, it would not move in equal 
periods through exactly the same angular distance from the sun What is 
constant is its “aic. \\ velocity, as Kepler discovered 


In antiquity there was no correspondence between short intervals of 
astroriomical and civil tune The civil day was reckoned from noon to noon 
by the shadow clock, and when weight-driven and spring clocks began to 
te used m mediaeval times they were continually corrected by reference to 
the sundial The use of the solar day as a unit was abandoned when the 
determination of longitude at sea emerged in the practice of navigation 
Solar time is lo^al fhat is to say, noon does not occur simultaneously at 
places on different meridians of longitude, and the determmation of longitude 
m the davtime is made possible by this fact (see p 78) To do this we need 
to know when it is noon at some standard meridian (that of Greenwich is 
qc^’crallv accepted) This would be simple enough if an accurate clock set 
by Ckccri\Mch time would always record noon when noon occurs at Green- 
vuch Since the sohr day is not a fixed number of pendulum swings or 
hair-spnrig o-^ciIlMions, the umt of time taken is the mean length of the solar 
throughout the }qat On any particular day noon by mean time is a 
few minutes (never more than IS) before or after true solar noon The differ- 
ence ( n be estimated by direct observation It is tabulated m almanacs, 
being generally (though inappropi lately) called the Equation of Tune The 
accompmviiig graph shows how it varies throughout the year (Fie 32) 

It can DC used find sundial tune at Greenwich if we have a rehabledock 
set 10 Greenwich mean Ume, and hence to compare sundial tune at Greenwich 
with sundial lime at any place to wbch the clock is taken Likewise it can 
be used to set the clock to mean time by the sundial 

tlic equation of ume may be illustrated by reference to a dis- 
cr.,,incv whicli someumes puzdes people when they consult almanacs 
Iini.s ol sunset and sunrise are always given in mean time to meet the 
requnc incus of nicchamcal docks On this account the lengths of moJnme 

subset :l f' 7 ■ V> "p m ) wUr 1 ^ 

L> -.4.S morning redconed from 


me in noon Id 
'> boius oT 


hours 12 minutes, and afternoon 17 57 - iToO 

day Tot the convenience of ® ^ mmutes on that 

mean ume for some standard locah^ I blocks are regulated to Wp 
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the equation of tune are cumulative Owmg to the statutory introduction 
of Summer Time m England, an interval of about an hour and a half may 
separate the noon radio signal from sundial noon in Cornwall 
The problem of choosmg a socially convement umt for short periods of 
time only became important when civilization spread into the comparatively 
sunless northern hemisphere and portable mechanical clocks replaced the 
sundial A much earlier dilemma arose in accommodatmg astronomical 
observations to soaal convemence when fixing the length pf the year For 
civil use a year must consist of a whole number of days By refined astro- 
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Fig 32 —The Equation of Time 

The Equauon of Time is the misnomer for the number of minutes which, on any 
particular day of the year, must be added to true solar time (“apparent” time) to give 
mean time, or, conversely subtraaed from mean time to give sundial time It has 
four seasonal phases The first extends from December 26th to April 16th, with 
Its maximum about February 12th, when it reaches 14 mmutes 23 seconds During 
this penod the equation of time is positive Thus sundial noon at Greenwich on 
February 12th occurs at 12 hours 14 mmutes 23 seconds GMT In the next phase 
from April 16th to June 15th, it is negauve The maximum is 3 mmutes 47 seconds 
about May 15th Thus on that date sundial noon at Greenwich occurs at 11 hours 
06 mmutes 13 seconds From mid- June to September 1st the equauon of time is 
agam posiuve with a maximum of 6 mmutes 22 seconds about July 26th From 
September 1st till December 25th it is negauve with a maximum about November 2nd, 
when It IS necessary to subtract 16 mmutes 22 seconds from sundial time to get mean 
ume 

nomical measurement the year, as a record of seasonal events, is not an 
exact number of days In order that the name or number assigned to a day 
may discharge its primary social use, it must keep pace with the seasons 
Clearly it cannot do so if %year is always made up of the same number of days 
From direa observations of the heavens we can define the year m two 
ways The sidereal year is based on the same prmaple as the Egyptian year, 
which was announced by the hehacal rismg of Sinus It is the time taken 
by the sun to get back to precisely the same position in the heavens as some 
fixed stars In contradistmction to the sidereal or Pyramid year, the Stone- 
henge year was solv, and corresponds to what is now called the tropical year. 
The tropical year is equivalent to takmg the average number of days 
between noon at two successive vernal equmoxes Asti^nomers define it 
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as the time taken for the sun to get back to the First Pomt of Aries, i e where 
the sun is at some time before or after noon on the vernal equinox On any 
particular occasion the mterval between noon on the first and the succeeding 
vernal equinox is necessarily a whole number, but smee the sun will not 
generally be exactly over the equator exactly at noon on any particular 
equinox where the observauons are made, successive observauons do not 
average out as a whole number 

The average length of the solar or tropical > ear is not exactly the same as 
that of the sidereal year 1 he reason for this is a phenomenon known as the 
Precey^ion of the Lquinoxcs I he Precession of the Equinoxes, which will be 
dealt with on page 2 10, is of ^rcat interest because it is one of the mdependent 
sources of evidence used to check the dates of historical events The recur- 
rence of the seasons is due to the fact that the sun’s apparent annual path 
IS inclined to the earth’s axiS, or, altemauvely, the earth moves round the 
sun in an orbit inclined to its axis which is always parallel m any two posiuons 
"1 hrough the seasons the Pole Star retains its fixed position Hence the earth’s 
axis Itself does not appreciably shift in a smgle year On the other hand, 
comparison of astronomical observations on the declinations and hour angles 
of stars, earned out over long periods, shows that the plane of the celestial 
equator like that of the moon’s orbit (Fig lb) appears to rotate on the echptic 
at approYimatcly the same inclination Another way of saymg this is that 
the plane of the terrestrial equator rotates on the earth’j* orbit (see Figs 138 
and l,;b) One outstanding feature of this rotation is that the sun’s posiuon 
on the vernal equinox shifts round the ecliptic In classical annquity it 
occupied the same position in the heavens as the constellation of Aries At 
the autumn equinox the sun was then in Libra About GO B c the sun’s 
position at the equinoxes moved from Aries into Pisces and from Libra into 
Virgo As a matter of fact we still speak of the First Point of Aries, though 
the sun IS really in Pisces On star globes the zodiacal signs, as used for 
montlis, no longer signify the actual constellation which is screened by the 
sun at that time On December 21st the sun is now in Sagittanus and not 
in ( apneorn, on June 21st it is in Gemini and not m the adjoining constel- 
lation of G^ncer, as it was in anuent times The phenomenon is generally 
said to have been discovered by Hipparchus, in 150 B c , from comparison 
ol earlier records with his ow'n observations According to Fothermgham’s 
researches, it appears to have been elucidated at an carher date (about 
340 BC) by a Babylonian astronomer, Cidenas The passage of seventy 
years brings about a shift of L in the posmon of the equinoctial sun in the 
zodiacal belt A complete rotation is a matter of about 26,000 years 

Being at nglit angles to tJie plain, oi the equator the posiuon of the celestial 
pole rotates \ery slowly round the pole of tlic eehptic We have spoken of the 
North Pole Star as if it were unchangeable and exactly located at the pomt 
round which die stars appear to rc\ olve It is a fortunate historical circuntstance 
diatnhcrc iloes happen to be a bright star pracucally at this point m our own 
time There was also a bright st^u (a Dracoms) very near it when the calendar 
cultures of die Nile and Mesopotamia flourished Bemg lixed with reference 
to the earth the nortbern tunnel of the Great Pyramid ^ways pomts near the 
celestial pole and/iot*lo any pamcular star that happens to be there Today 
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It nearly points to another bright star round which different circumpolar 
constellations revolve Our own Pole Star (Polaris m Ursa Minor) at present 
describes a mmute circle almost exactly one degree off the pole That is to say, 
the maximum difference of two determmations of its alutude at any place 
IS 2° The average of two observations six months apart gives the correct 
posiuon of the celestial pole, if we want an exact value for our latitude On 
any one occasion we are not likely to be more than i° out, an error of only 
35 miles, and therefore withm sight of mountams on the sea horizon, when 
we are approachmg land There is no bright star near the south celestial 
pole 

Between 2000 b C and about A D 1000 there was no very bright star near 
the pole We might perhaps go so far as to say that the approach of Polaris 
to the celestial pole was the herald of the Great Navigations 

Owing to precession the sidereal year gets out of step with the seasons m 
the course of centuries The tropical year is about 20 minutes shorter than 
the sidereal year because the position of T changes at the rate of 1 degree 
in 70 years (precession of the equinoxes) In mean solar umts its exact length 
IS 305 days 5 hours 49 mmutes to the nearest mmute For keepmg track of the 
seasons the tropical year is the proper astronomical unit because it is based 
on a seasonal event The length of the civil year is ad)usted to correspond 
with the tropical year by periodic insertion of extra days m the leap years 
The leap year system is analogous to an earlier practice, employed when the 
calendar still retam^d its lunar function 

Smce the Egyptians added five feast-days to twelve thirty-day months 
when they created the year of 3b5 days, it is probable that they first recogmzed 
a year of 360 days, or twelve 30-day months There is evidence to show 
that the origmal length of the Chmese and the Sumerian year was also 
360 days While the Egyptian calendar discarded any attempt to keep the 
divisions of the year m step with the phases of the moon, the oriental civil- 
izations were far less successful in devismg a seasonal calendar The mean 
length of the lunar m»nth is almost exactly 29| days To adjust the calendar 
to the phases of the moon the Babyloman priests introduced a regular 
alternation of 29- and 30-day months, with occasional intercalary months 
(or m our idiom “leap months”), to make up for the fact that the year of 
12 lunar months is only 354 days To desert nomads the moon as a traveller’s 
beacon has more sigmficance than the celestial signals of a settled agronomy 
This may be why the Mohammedan calendar retamed the Babyloman year 
of 354 days without any mtercalauon, so that each month goes through all 
the seasons in a generation The early Hmdu astronomers mtroduced a 
regular five-year cycle, in which an extra month was mserted m the second 
and fifth years Greek oalendncal practice did not break away from the 
attempt to square lunar with solar time reckomng It made a good com- 
promise by the mtroducuon of a calendncal cycle due to Meton and Euctemon 
m 433 B c By intercalation of an extra month seven tunes m mneteen years, 
the begmmng of a given ;iamed month did not suffer a seasonal shift of more 
than a day m two centuries 

A great deal of Confusion arose m the anaent chronologies from attempts 
to conserve the more prmutive use of the lunar cycle; as a time*umt Even 

c * • 
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the Egyptian calendar must have been a month out after a 
1 ^0 years I’etne remarks that “the cycle of l,4h0 years m which the caJen 
shifted round the seasons enables the record of any seasonal event to De a 
control on chronology.” and “the Berlin date” of 4241 bc, which pushes 
back the origm of the Egyptian calendar to pre-dynasuc tunes, is based on 
this fact From texts extant m 20U0 b c it appears that the Egypuan priests 
already recognized a “JitrJc year” or quadrennial cycle, ^alogous fo our 
leap year, to tomp>.nsdtc for the fact that their basic yearof days is roughly 
SIX hours too short A brief and resdable discussion of these early calendars is 
given m S H Hooke’s book, New Year's Day * 

When Julius Caesar e mie into power he found the Roman calendar in a 
state of hopeless confusion Alexandnan astronomy had then reached a high 
level ol attainment On the advice of the Alexandrian astronomer Sosigenes, 
and in aceordanec with his suggesuons, Caesar established m 45 B c what is 
known as the Julian calendar With a trifling niodificaUon, this continues 
in use among all eivili/td nations The Julian calendar discarded all consider- 
ation of the moon, and adopting dboj days as the true length of the year, 
ordained that every fourth year should contain 3(>t) days The extra day was 
inserted by repeating the sixth day before the kalends of March (our 
bebruary later the extra day became our February 29th Caesar 

also transferred the beginmng of the year to January I st Up to that time it had 
been in Mari^h 1 his is still indicated by the names of several of the months, 
c g September, the seventh month, etc Caesar took possession of the month 
Quin tills, naming it July after himself His successor, Augustus, m a similar 
manner appropriated the next month, Sextihs, callmg it August 

I he Alexandrian astronomers were not a priestly caste wedded to cere- 
monial practices In acting on the advice of Sosigenes, Caesar took a step 
towards the secularization of the calendar The complete secularuation of the 
calendar did not come until after the mvenuon of the clock The next import- 
ant reform was adopted for sacerdotal reasons rather than saentific or 
uuhtanan coavcmencc, when a civilizaaon equipped with mechamcal clocks 
was air I idy oulgrowmg the need for a rehgion of saints’ days The sunnier 
Moslem world encouraged astronomical studies as a secular branch of 
learning after die decay of the Alexandnan culture In spreading over the 
cloudier noithcrn hemisphere the Christian priesthood associated the seasonal 
Icstivals ol barbarian tribes with a newly-acquircd equipment of saints, who 
replaced the star god Pantheon when Christiamty became the State rehgion 
of a collapsing empire The monasteries which tolled the bell for vespers 
became what the Egypuan priesthood had been, the official timekeepers 
1 hey were the custodians of the hour candle, and they nursed the invention 
of the weight-driven clocks, which were put up In churches two centuries 
before they came into secular use 

Ihe fact that Christiamty inescapably usurped the social function of the 
ancient priesthoods as the oflicial umekeepers of civihzation, when it became 
the imperial religion, explains the cordial encouragement which astronomy 
received from bt Augustine’s teaching Professor Farrington draws a sharp 
contrast between the words m which St Augustme endorsed the posmon 
* This account do.ely follows that of Russell, Dugan, and Stewart 
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of astronomy m the cumculum of Chnsuan education and his hostihty to 
other branches of pagan science In de Doctnna Christiana St Augustine 
says. 

A knowledge of the stars has a justification like that of history, m that from 
the present position and motion of the stars we can go back with certamty over 
their courses m the past It enables us with equal certamty to look into the 
future, not with doubtful omens but on the basis of certain calculation, not 



Fig 33 — Albrecht Durer’s Adoration of thf Lamb 
In this woodcut from Dtlrer’s illustrations to the apocalypse (Dte heimltch Offenbarung 
Johanms, 1498) the Paschal Lamb is superimposed on the noon sun m conformity to 
the astrological symbolism for the “Sun in Anes ** The vernal equinox, when the sun 
enters Aries, was celebrated •by feruhty festivals m ancient times In Christian ntual 
the Easter celebrauons took their place, Easter being fixed with reference to the day 
when the sun enters the constellation of the Ram 

to leajn our own future, which is the crazy superstition of pagans, but so far 
as concerns the stars thepiselves For just as one who observes the phases of 
the moon m its course when he has determmed its size today, can tell you also 
Its phase at a pamoular date m past years or m years to come, so with regard to 
every one of the stars those who observe them with knowledge can give equally 
ccrtam answers • 
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The last gieat reform was necessitated by the association of Easter cele- 
brations with the most ancient of the fertility festivals Since the true length 
of the tropical year is a little less than days (being 3h5 days 5 hours 
48 minutes 4b seconds, or a little over eleven minutes less), the Julian year 
IS loo long By the year a d 1 >82 the error had assumed theological dimen- 
sions The spring equinox had fallen back to the eleventh of March instead 
of falling on the twcnt> -first, as it did at the time of the Council of Nice, 
A D 325 Under the advice of the distinguished astronomer, Clavius, Pope 
Gregory, therefore, ordered the elimination of ten days The day following 
October 4, 1582, was called me fifteenth instead of the fifth To prevent 
further displacement of the equinox, it was also decreed that thereafter only 
such century years should be leap years as are divisible by 400 Thus, 1700, 
1800, 1000, 2100, and so on, are not leap years, while 1600 and 2000 are 
The reformed calendar ws immediately adopted by all Cathohe countries, 
but the Greek Church and most Protestant nations refused to recogni/e the 
Pope ’s authority In England it was finally adopted by an Act of Parliament 
passed m 1751 1 his provided that the year 1752 should begin on January 1st 
(mstcad of March 25th, as had ’ong been the rule m England), and that the 
day following September 2, 1752, should be reckoned as the fourteenth 
instead of the third 1 here were iiots m various parts of the country in 
consct(iiencc, especially at Br^tol, where several p( rsons were killed Accord- 
ing to their slogan, they supposed that they had been robbed of eleven days, 
although the Act v as carefully framed to prevent any in)ustice in the collec- 
tion of nitcrest, the payment of rents, etc The Julian calendar persisted in 
Russia until PUS, and in Rumania until IbP) When Alaska was taken over 
by the U S A (1S7()) the official date had to be changed by only eleven days, 
one day being provided for in the alteration from the Asiatic reckomng to 
the American 

Pfolessor Elliot Smith’s assertion that the magic of today is the discarded 
s<.icncc of yesterday is well illustrated by an illuminating study of the role 
ol th' zodiacal constellation Cancer in ancient social practices (D’Arcy 
Ihompson, ham Roy Soc I XXXIX) “Wc err in my opimon,” 

says Professor D’Arcy 1 hompson, 

if we tail to rcLi>gnizc in this antiquated symbobsm a deeper mtention 
I tlimk vve may discern that these conventional but much varied coUo- 
catuins correspond in a singular and precise degree with natural groupings 
of constclliiions that are similarly figured and designated, and that the 
divinities with whom the emblems arc associated had themselves a corre- 
sponding reluion to the Signs of Heaven, where they had their places 
according to the doctrines of astrologv, or which marked their festivals m the 
astronomic system of the sacred calendar We may abbreviate and sum- 
marize, as follows, the chief coincidences that have been related above Cancer 
was domus Lunae, and die Crab is associated with the Moon on corns of 
Conseniia, "I erma, etc, with the lunar Diana of the Ephesians, and* with 
various other images of the lunar goddess Cancer* was exaltaao Jovis, and 
the Crab is peculiarly associated with the Bird ot Jove m the comage of Agri- 
gentum, while the Aselli, mdividual stars ot the same constflianon, are mytho- 
logically asfiiKiated wi^h same god Gancer was sedes Mercuru, and the 
Crab is figured witji the head of Hermes on coins of Aenus Cancer rose with 
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Sinus, and there are dog-headed representations of both Mercury-Anubis and 
Luna-Hecate Cancer marked the date of a festival of Pallas, and the Crab is 
figured with Pallas on coins of Cumae Cancer is constellated with Hydra, 
simultaneously with part of which Vurgo rose, and the Crab is associated 
with Hydra m the legend of Hercules, and hence with Lerna when the rites of 
the Virgo coelestis were performed Cancer is m the neighbourhood of Corvus 
and Crater, and on corns of Mende the Ass is figured with the Raven and Cup 
Cancer rose opposite to Aquila and Delphmus which set soon afterwards, and 
moreover, set precisely as the Dolphin rose, the Crab or the Ass is associated 
with the Eagle on corns of Agrigentum and Motya, and with the Dolphm on 
coins of Motya and Argohs Cancer rose as Pegasus set, and the Crab is figured 
with the Horse on corns of Agrigentum Cancer rose as the Southern Fish set, 
and the Crab and Ass are figured with the Fish on coins of Agrigentum and 
Cyzicus 

megalithic remains 

The conditions for fixing the year vary greatly m different parts of the 
world Near the equator twilight is short, so that the interval between the 
visibihty of a bright star and the moment of sunrise or sunset is small On 
the other hand, the sun never rises or sets far north or south of the east and 
west point Hence the determmation of the year by hehacal rising or setting 
of bnght stars is relatively easy, and the use of the solstice as a fixed point' 
IS relatively less convement than it is in northerly latitudes like our own 
At the latitude of Stonehenge twilight is prolonged, and the amphtude of 
the sun’s shift between the solstices is large On midsummer day it rises 
just over 40° north, and on December 21st 40° south of the east pomt, movmg 
through an angle of over 80° in the course of the solstitial half-year Hence 
it is not surpnsmg to find evidence that megahthic monuments m northern 
Europe were set up to regulate a solar calendar 

Sir Norman Lockyer, who carried out an extensive survey {Stonehenge 
and other British Stone Monuments) of such remams m Brittany, Wales, 
Cornwall, and Dartmoor, distinguishes between three types of solar calendar 
One is the solsuual calendar based on the midsummer (June 21st-June 21st) 
or mistletoe (December 21st’-December 21st) year One is the eqmnoctial 
(spring or autumn) year The other is the “vegetative” year In early Greek 
and Latin calendars the quarter days (about May 6th, August 6th, Novem- 
ber 9th, and February 6th) are midway between a solstice and the ensumg 
equmox, and the beginnmg of the year was fixed m some of the Mediterranean 
cults at one of these dates, e g May 6th, by noting the position of the rising 
or settmg sun when half the number of days (46) between the equmox and 
followmg solstice have elaj)sed One advantage of a May (or August) year is 
that the same ahgnment serves to fix all four quarter days If a hne (Fig 34) 
of stones is placed to greet the rising sun of June 21st, when the observer 
looks northward, it will also greet the setting sun of December 21st, when 
the oRserver looks southward If a line is placed to greet the nsing sun of 
May 6th, when the sun*is sail travelhng northward, it will also greet the 
rismg sun of Augjist 6th on its return journey Similarly, if the observer 
looks towards the southern horizon, it will equally well serve .to fix the 
posiuon of sunset on November 6th and February ^f*In northerly lautudes 
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1 ^i i^r im to sliow Ikuv i double cucic ol stones auarigK.d t<i sight the rising and setting 
oi st"r cin be used to keep trick ot the seasons 1 he directions and trries are cal- 
culated tor tod IV at about die latitude of Stonehenge where Vega just dips beneath 
the noithe n hon/on ind tlie star C ipclla never sinks below it Vega setting in evening 
twilight m earlv Mireh *uid rising m evening twilight in early April announces the 
corning and goinu ot the vernil equinox, when C apclla is seen skirting 7^ above the 
north point ot the hon/on at lower transit in morning twilight Castor setting in 
mormng twilight in cirlv March also warns die coming of the vernal equinox Sirius 
rising, Altair and I omilhaut setung in morning twilight m late August anticipate the 
onset ot die autumn il equinox The approach of midsummer day is announced by 
the Iheiides using und Vntares setung in mommg twilight at the end of May Mid- 
winter IS amiouneed by Aldebaran setung m morning twihght m late November 
and the setting of the Pleiides and the belt ot Onon with the rismg of Antares m 
morni ig tw ihght in early December Fomalhaut skirtmg the south point of the 
horuon in cvciung twilight about JcUiuary 1st announces that the solstice is past 
I he November quarter-day is announced by Deneb skirting 5° above the north 
point of the horizon at lower transit in mormng twihght 


where the sun is often obscured by ram or mist on^any parucular day of the 
> ear tlie dd\ antages of this arc obvious 
The meg iliduc relics of Northern Europe (stone circles, avenues or rows, 
monoliths n>r menhiij, dolmens) have remarkably constant features From 
a Study of the ahgpmeht tif stone rows and avenues or neighbouring menhirs, 
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Lockyer found ±at a very large proportion are placed to greet the rising 
sun about May Bth, and, allowing for the slight change in the obhquity of 
the ecliptic in the course of the last five thousand years, he dates them about 
1500 B c Associated with the solar alignments there are often found to be 
others which correspond to the nsing or settmg position of a bright star 
whose hehacal rising or setting at this date acted as a warning of the approach 
of the May new year’s day Since there are comparatively few bnght stars 
which could serve the purpose, the established use of the same ones as signals 
of solar events in the Mediterranean cults leaves little doubt that the stone 
circle was a calendncal observatory, and the row or avenue leading to one 
was a via sacra for the ntual procession to watch the nsmg sun of the quarter 
day, or the heliacal nsmg and setting of the star (Pleiades, Sinus, Arcturus, 
etc ) which was the herald of its approach. 

EXAMPLES ON CHAPTER I 

1 With the aid of diagrams compare the behaviour of the sim’s shadow at 
latitudes 70^ N , 50° N , 10'^ N , and 0°, 10° S , 50° S , 70° S throughout the 
seasons 

2 The star a m the constellation Ursa Major was seen at its lower culmma- 
uon at midmght on September 4th Later on it was seen due cast of the Pole 
at 2 a m What was the date? 

3 Given the obhqmty of the echptic as 23 find the sun’s zemth distance 
on December 21st at a place where the altitude of the Polar Star is 51° 

4 The alutude of the Pole Star at a certain place is found to be 63° Find 
the approximate date on which the sun’s noon altitude was 60°, given the fact 
that the sun rose earlier on the previous day (Use Whitaker ) 

6 Imagme that you have been deported to an unknown destmation at which 
you arrive after months of high fever How would you be able to recognize 

(а) whether you were near the North Pole, the equator, the South Pole, the 
tropical belts, {b) how would you be able to locate your approximate position 
between these limits without any instruments, (c) how would you determme 
roughly the time of year? 

6 What additional information cOuld you gam, if you had a protractor, some 
strmg, and a few nails? 

7 Suppose yourself m the same situation You only recall the followmg 
geometrical theorems of your schooldays (i) The theorem of Pythagoras, (u) the 
angles at the base of an isosceles triangle are equal, (m) the angle at the centre 
of a circle is twice the angle at the circumference subtendmg the same arc 
How could you use these to make angles of 90, 46, 30, and 60 degrees roimd a 
shadow pole with a piece of cord and a peg? How would you proceed to obtain 
other angular divisions? 

8 Assummg that you have done this, how would you find (a) your latitude, 

(б) the date, from observations of the sim’s noon shadow? 

* 

9 How would you make an hour glass to record tjie tame elapsing between 

the mendian transits of the stars? * • 
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10 Explain why leap years are inserted and what is meant by Greenwich 
mcpn Dmc 

11 If Sirius transits 23i® above the southern horizon at lat 50° show 
with a diagram like that of Fig 24 at what latitude it will 

(a) )usi graze the southern horizon at transit, 

{b) transit JOT south of the zenith 

12 If Aldcbaran transits I2J° south of the zemth at latitude 29° N , at what 
latirudc will it 

(a) transit exactly overhead? 

{b) transit 6° north of the zenith? 

(c) just graze the northern horizon as a circumpolar star at lower 
culmination? 

J cst the rule that if the alutude is always measuj< d from the northern horizon, 
the formula 

altitude ^ 90° — (zenith distance) 

m\\ holds good, it the zenith distance is negatzve^ when a stir transits south of 
the zenith 

1 1 Find the north polar distance of ^Idebaran and the south polar distance 
ol Sinus with diagrams like those in Fig 24 Hence find with similar figures 
at whi' southern latitude 

(a) Aldcbaran ceases to be visible at all 

(b) Sinus becomes a circumpolar star of the south celestial hemisphere 

1 1 I ind at transit the zenith distance of Sinus and Aldcbaran at latitude 

N and latitude 5' S and ot Sinus at latitude 22 S Show that if (a) z d 
south of the zenith is negative, (b) declination soutli ot the equator is negative, 
{l) htiiudc south of the equator is negative, the foUowmg formula applies to all 
situ uions 

Decimation - Latitude 4- zenitli distance 

h) Draw a figure to show the upper and lower transit of Sinus at 85° S 
Show lh\t in the southern hemisphere, where there is no bright star near the 
tticstiil pole, the latitude, i c elevation of the pole, is the mean altitude of a 
circumpolar star at upper and lower culmination reckoned from the southern 
horizon 

10 It solar time at Lxeter is 14 minutes behind solar nine at Greenwich, on 
wlnt dqs ot the year (see Fig *12) will 

(t/') noon on the sundial at Fxeter agree with broadcast ume (GMT) 
from Greenwich^ 

{b) ntxm on the sundial occur two mmutes after broadcast noon? 

tc) noon on the sundial occur twenty minutes after broadcast noon? 

17 On November ')th tlic sun crosses the meridian at one o’clock ^ M T 
At vv h u time bv a chronometer set to G M T will it cross the meridian at the 
same phcc on Fcbruarv 5th, June 21st, and Autjust*4th^ 



CHAPTER II 


POMPEY’S PILLAR 

The Science of Seafaring 

In the everyday hfe of mankind the first fact which led to the growth of an 
organized body of saentific knowledge was the fertility of the crops and 
flocks The second was the freedom of the seas From the first came the 
need for an organized calendar^ from the second a system of earth survey 
The following passage from Nilsson’s monograph illustrates the same social 
needs at work m the culture of backward commumties today 

The calendar and pracDcal life become to some degree separated from 
each other, the first lays the principal emphasis upon the correct ordering of 
the senes of days, which is of especial importance on religious grounds for the 
selection of days and the fixmg of the right day for the religious observances, 
in practical life, however, the point of chief importance is to determme the 
times when the various occupations may be begun and sea-voyages undertaken, 
both of which depend upon the solar year, and for this the stars afford the best 
aid Hence it happens that sometimes the reckoning by the stars appears, as 
one more profanely determined, in a certam opposition to the lumsolar reckon- 
ing, which has a more religious character This happened m ancient Greece, 
where the stars served for the ume-reckomng of sailors and peasants while the 
lumsolar calendar was developed and extended under sacral influence, the 
festival calendar, which was regulated and recorded by the moon, became 
me official civil calendar It was only later that the stellar calendar was sys- 
tematically brought under the influence of the fully developed astronomy and 
of the Juhan calendar In sailing, the stars afford to the’^primmve seafaring 
peoples the only means of findmg their way when the land can no longer be 
seen From the necessities of seafarmg the greatly advanced knowledge of the 
stars possessed by the South Sea peoples has arisen, this is because pracucal 
ends are served not by a priestly wisdom, but by a profane Nevertheless the 
knowledge of the stars is a secret which is carefully guarded in certam families, 
and kept from the common people — as is reported of the Marshall Islands 
Among the Moanu of the Admiralty Islands it is the chiefs who are imtiated 
by tradiuon mto the science of the stars On the Mortlock Islands, where the 
science of the stars is very highly developed, there was a special astronomical 
profession, the knowledge of the stars was a source of respect and influence, it 
was anxiously concealed, and only commumcated to specially chosen mdi- 
viduals Only a few can determme the hours of mght by the stars The Tahitian 
Tupaya, who accompanied Cook on his first voyage, was a man of this kmd, 
specially distmguished for his nautical knowledge of the stars The elements 
of the science, however, seem to have been pretty generally known, and from 
the Carolme Islands comes a curious account of a general instruction therem 
It was first mentioned by the Spamsh missionary Cantova m the year 1721, 
and was later confirmed 8y Arago In every settlement there were two houses, 
m one of which thg boys were mstructed in the knowledge of the stars, and m 
the other the girls, only vague ideas were imparted, however The teacher 
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liad a kind ot globe ot the heavens on which the principal stars were marked, 
and he pomt^d out to his pupils the direcuon which they must follow on their 
various journeys One native could also represent on a table by means of grams 
of .naize the constellations known to him This is a nautical non-pnestly 
astronomy, which has really little to do with caJendricaJ matters in general, 
although as a matter of fact m the Carolmes and the Mortlock Islands it has 
led to the nanimg ot all months from constellations, and therefore to a systematic 
sidereal regulauon of tlie calendar 

In ancient times transport by land mvolved a large imtial outlay m makmg 
roads and a vast output of energy in carrying loads Shipping dispensed with 
the need for roads and registered man’s first tentative exploit m replacing 
the effort of man or beast by the forces of inanimate nature The SemittQ 
peoples of Asia Minor had established colonies throughout the Mediterranean, 
world by the begmnmg of the second millennium b c Carthage was founded 
in the ninth century By then ships had begun to track north towards the 
fm Isles ot the north In the sixth century Carthagmian navigators had coasted 
along West Africa beyond the equator From these Semitic peoples of Asia 
Minor the mariimic Greeks of the seven± and sixth centuries b c absorbed 
the star lore ot the ancient world and the geometrical prmciples of the 
calendar architecture "Iheir first two teachers of repute — Thales and 
Pythagoras — were both ot Phoemcian parentage So was Anaxagoras, who 
brought astronomy from Miletus to the Court of Pencles Pythagoras is said 
to ha\ c *cquircd in hgypt his knowledge of the obliquity of the echptic and 
the identity of the planets Meicury and Venus m their appearances as 
morning and as evening stars (see p 184) According to Calhmachus (cited by 
Diogenes Laertiu^), Thales determined the position of the stars m the Little 
Bear by which the Phocmcians guided themselves in their voyages From 
Professor 1 aylor’s studies on mediaeval pilot books it seems that a similar 
practice persisted in the Christian era Fig 07 shows how the relative positions 
ot stars in the Little Bear were once used to estimate the error involved m' 
dctci mining latitude by the Pole Star, when it was not so near the true centre 
ot the heavens as it is now The orientauon of two stars m the Little Bear 
above, below, cast, or west of the true pole made it possible to apply the 
ncccssar) correction, ranging from — 3]^ to + in the fifteenth century. 

Scientific geography starts with the exploration of the Mediterranean, 
and the determination of latitude, which probably antedates Greek civiliza- 
tion, arose by easy steps from the pracuce of navigating by the Pole Star 
1 hat maritime astronomy had reached a high level of precision before the 
great advances made by the Alexandrians is mdicated by the reference to 
l^ytheas in the following passage from Professor Farrington’s Science in 
Antiq Aliy 


about oOO B c the Carthaginian, Hanno, coasted down the west coast 
ot Atrica as tar as Sierra Leone, to withm 8 degrees of the equator Close on 
the beds ot the Phoenicians followed tlieir rivals, the Greeks The effe^ive 
disco\cr> ot tlie Black Sea was the work of the Greeks of Miletus Exploration 
was begun about 800 b c , and by 650 b c there was a heavy frmge of Greek 
colomes all round the Black Sea coast It was for this aty of explorers and 
merchants ihjt Anaximander constructed his map. It was not from Miletus, 




Map of the World by Hecataeus, 517 bc Showing the pnmiave ^ideas held at 
the ume of Pythagoras From Breasted’s Ancient Times 
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however, but from the neighbouring town of Phocaea, that the great enterprise 
was organized that eventually turned the Mediterranean into something like 
a Greek lake Probably as early as 800 B c colonists from Phocaea occupied the 
Italian site of Cumae near Naj Ics, and by the end of the seventh century 
numerous Greek settlements, mostly Phocaean in origin, dotted the western 
Mediterranean The most westerly of these settlements was at Maenace, near 
Malaga m Spam, the most famous was at the first site of civilization in France, 
Marseilles It was from Marseilles that a Phocaean sea-captam, Pytheas, about 
800 B c , made one of the great voyages of antiquity Eluding the vigilance of 
the Carthaginians, who still at that date endeavoured to keep the Atlantic as 
ihcir preserve, he slipped through the Pillars of Hercules and coasted north 
His chief objective was the tin m ncs of Cornwall, which he visited and well 
describes Pytheas was an educated man and a skilled astronomer, and his 
voyage was rich in scientific results He was capable of discovering that the 
Pole Star is n Jt situated exaetly at the pole, and of determinmg the latitude 
of Marseilles to within a few minutes of the coru< t figure His accurate obser- 
vations gave later geographers their reference points m plottmg the map of 
noithern .md central Europe Scientific voyagers like Pytheas were 

capable ol calculating latitudes astronomically Longitude, however, remained 
a matter of dead-reckoning 

1 he positive contributions of the Greeks to the advancement of new 
know ledge of nature arc casv to exaggerate, and whot useful discoveries they 
made belong to the e idler period and localities whtre they were in closest 
touch with the great trading eeiilrcs of northern Palestine It is only fair 
to say diat the Ionian Greeks never made the claims to originality ascribed 
to their Ante sue^cssoi-s by the lexicographers of later time Democritus, the 
doyen oi Greek materialism, has left us the following fragment which is 
eloquent ol their debt to the past 

Of all my eontcmporarics it is I who have traversed the greater part of the 
cudi, visited die most distant regions, studied climates uie most diverse, 
countries the most varied, and listened to the most men There is no one who 
has ourpassed me in geomctricdl eonstrueUons and demonstrations, not even 
the geometers of Egypt, among whom I passed five full years of my life 

The great contribution of the Greeks to the advance of knowledge was 
that ihcv took a decisive step away from the association of natural enquiry 
with niu il T hc> travelled 1 hey were curious, and they recorded the results 
of then travels in a language better fitted to precise description than the 
scripts oi the priesthood Since it is always easier to separate what is mere 
magic from whit is real science in the culture of foreigners, they were able 
to discard some of the superstitions of their schoolmasters Eventually they 
fell victims to a practice which is no less pernicious than priesthood itself 
As time' passed the pursuit of science and the art of mathemaucs which 
should be Its servant came to be regarded more and more as mere recreation 
fora leisured and litigious class They developed that inveterate bdlief in 
logic which IS the password of the legal profession* and the peril of science 
Mathematics became the master instead of the servant, ani^was itself sterilized 
bv losing contact with the woild’s work 

It IS sometimes Suggested that naturalism and political philosophy 
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flourished side by side as twin growths from the same soil of intellectual 
freedom To a large extent they were chronologically and topographically 
separate Aristotle, whose person symbolizes the fusion of positive science 
and pohucal speculation, devoted much of his energy to verbal refutauons 
of the sound experimental physics of his Ionian predecessors Plato, 
who declared that all the works of Democritus ought to be burned, 
did not shrink from contemptuous references to astronomical observations 
or to the pioneer acoustical experiments of the Pythagoreans The follow- 
ing {Republic^ Book VII) is typical of the anti-scientific temper of Plato’s 
teaching 

It makes no difference whether a person stares stupidly at the sky, or looks 
with half-shut eyes upon the ground, so long as he is trying to study any sensible 
object, I deny that he can ever be said to have learned anything, because no 
objects of sense admit the scientific treatment Do you not think that the 

genuine astronomer will regard the heaven itself as framed by the 
heavenly architect? But as to the propornon which the day bears to the 
night, both to the month, the month to the year, and the other stars to the sun 
and the moon, and to one another — will he not, think you, look down upon the 
man who believes such corporeal and visible objects to be changeless and exempt 
from all perturbations, and will he not hold it absurd to bestow extraordinary 
pains on the endeavour to apprehend their true relations? 

We shall pursue astronomy with the help of problems just as we pursue 
geometry but we shall let the heavenly bodies ^one, if it is our design to 
become really acquainted with astronomy and by that means to convert the 
natural intelligence of the soul from a useless into a useful possession 
You can scarcely be ignorant that harmony also is treated just like astronomy 
in this, that its professors like the astronomers are content to measure the notes 
and concords distmguished by the ear one against another, and therefore toil 
without result Yes, indeed, they make themselves ridiculous They talk about 
“repetiuons” and apply their ears closely, as if they were bent on extracting 
a note from their neighbours, and then one party asserts that an intermediate 
sound can sail be detected, which is the smallest interval, and ought to be the 
unit of measure, while the other party contends that now the sounds are 
identical — both alike postponing their reason to their ears They act like 

the astronomers, that is, they mvesagate the numerical relations subsistmg 
between these audible concords, but they refuse to apply themselves to problems 
with the object of examinmg what numbers are, and what numbers are not, 
consonant, and what is the reason of the difference a work useful m the 
search after the beauuful and the good, though useless if pursued with 
other ends 

From this morass of metaphysical disputaaon, into which the secular 
knowledge received by *the AtUc Greeks from their Ionian predecessors 
had fallen, the culture of classical antiquity was rescued by the brutal reahnes 
of war The conquests of Alexander brought new opportumties of intellectual 
intercourse, new contacts with the world’s affairs, and led to the foundation 
of a cosmopolitan centib of learning near the site of the greatest Egypaan 
triumphs of archupcture and irriganon Alexandria became a foremost centre 
of Mediterranean shipping The daily record of a ship’s progress which is 
put up m the saloon of a modern finer is part of the4?ultural debt which ^we 
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owe to the brilliant efflorescence of discoveries made in Alexandria durmg 
the three centuries which preceded the beginning of the Christian era^ and 
the three centuries before Rome hcensed the monks to loot the treasury of 
pagan saence 

We have seen that the cardinal achievement of the priestly culture of the 
great calendar civilizations was the discovery of the year The detemunation 
of the year entailed careful daily measurement of the sun’s shadow and the 
beatings of the stars in the night sky In makmg these measurements men 
blundered into the recogmtion of certam physical constants which provide 
a scientific basis for fixing our position in the umverse of stars and upon 
the earth’s surface Three fundamental relanons to which we have already 
directed attention are the altitude of the pole, the tilt of the plane of the sun’s 
apparent track on the equmoxes, and the mclmation of the echpUc to the 
equator Ihe knowledge of these relauons gives us all that we require to 
estimate the northerly or southerly position of an observer with reference to 
the poles or the equator, and divides the earth into three zones with charac- 
teristic seasonal phenomena on either side of the equator These are the 
frigid (Arctic or Antarctic), temperate, and tropical regions A fourth 
uniformity, the constant difference of hour angle between the transit of two 
stars, gives us some of the information from which we can determme our 
positinri east or west of any fixed hne from pole to pole 

The full significance of none of these relations could emerge until it was 
possible to draw comparisons between observations made at different places 
and to sift what was purely local information about shadow, star bearmgs, 
and seasons, from facts which are common ground to people inhabitmg 
different parts of the world Without doubt by far the most difficult step m 
this advance was to understand the geographical meamng of the tune relations 
between the transits of heavenly bodies Today it is easy enough to estabhsh 
the fact that astronomical, e g solar, time is local Ihere is no difficulty m 
determining within a minute the exact time at wluch the sun crosses the 
nic'-Aiian by means of a home-made apparatus like that shown m Fig 22 
Noon fur you will be the time when the zenith distance of the sun is least 
On four days of the year (April 15th, June 15th, September 1st, and Decem- 
ber 2')ih— see Fig 31) the correcnon (called the “equation of ume”) necessary 
to make the length of the solar day bear a constant relation to the interval 
between successive transits of the same star, vamshes That is to say, 12 noon 
G M 1 IS the true solar noon at Greenwich If you live m Cornwall, 
you will find that noon by your own sundial does not agree with a 
watch set by the daily broadcast announcement of Greenwich time Near 
I^and s End on these days noon will occur when the watch records the 
time as 12 23 

The explanation of this fact is one which we generally learn in our school- 
days It IS shown in Fig 3() The earth rotates eastward to meet the nsmg 
sun It wc are west of another place, we have farther to travel before tlie sun 
crosses our mendian The earth revolves through 360^ m 24 hours, i e 15® 
per hour, or T in 4 nunutes Hence, ume is local reckoned from the transit 
of a celestial body, wjiether it is sidereal rime (reckoned from when T crosses 
our mcndian) or foM time (reckoned from when ±e sun passes over our 
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mendian) That local noon is behind noon at another place, e g Greenwich, 
means that when it is noon at the latter we have still to go some distance 
before our meridian reaches the sun — or alternatively the sun has still to 
travel westwards some distance to reach our meridian In other words, we 
are west of it If local noon occurs 23 nunutes after Greenwich noon, the 

^\° = 5|° to bring the 

sun to our mendian after crossing the mendian at Greenwich This angle is 
our west longitude So we have the following simple rule for determining 




to Wiistr " 



\x. noon the sun lies directly over the line joining the north and south points of the 
horizon, i e the meridian of longitude on which you are located In the figure it is 
directly above the Greenwich mendian, and it is therefore noon at Greenwich If 
vou are 30"" East of Greenwich the earth has rotated through 30® since your sundial 
registered noon It has therefore made one-twelfth of its twenty-four-hourly revoludon, 
so that It is now two o’clock by the sundial If you are 60® West the earth has still to 
rotate CO® before the sun will be over your meridian, i e onc-sixth of its twenty-four- 
hour ly rotation , so your sundial will register Sam 


longitude If noon at a place B happens x minutes or y hours after noon 

X 

at A, B is - or 15^ degrees west of A, and if noon happens at B jc minutes 

ox y hours before A, B is j or I5y degrees east of A Difference m longitude 

IS the hour angle difference of the local transit of the sun across the meridian. 
Simple as this is, it was a very difficult step to make in ancient times 
Until there were wheel-driven clocks, there were no portable devices with 
which to compare^ solar ume at two different places Although the later 
Alexandnans had very elaborate water-clocks of much greats delicacy 
than the crude hour-glasses of an earher period, thd certainly no less 
accurate than the first mediaeval clocks which were cftiven by weights. 
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they had no means of maintaining a continuous record of time over a 
long journey The way in which they escaped from this limitation is 
not difficult to reconstruct, because we know the methods which were first 
used to determine terrestrial longitude Although man> of the hypotheses 
framed by the first civili/cd men about the influence of the heavenly bodies 
arc now discarded as magical, they led people to observe phenomena which 
proved to be of great use to their successors in a different social setting 
In particular the study of eclipses as events of august omen focussed close 
attention on the behaviour of me moon Aside from eclipses, the moon^s 
course displayed other circumstances which were highly portentous As it 
moves through its orbit, ic may intercept the visibiht> of other heavenly 
bodies, in particular the planets which move near the plane of the ecliptic 
and’the moon’s orbit 1 hu** there will be an occulfation of Mars, i e Mars 
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1 10 M — Finding lOTa,iiuDL uy \ Lunar Iciiisf 
I he is cli ivvn like big with the South Pole nearest to the observer, so that 

V(>u see tile meridians ot the phees nameet I he places tnem^cKes, be ng m the 
northern hemisphere, arc not seen 


will disappear behind the moon’s disc, from time to rime, )ust as at times 
the sun would seem to move behind the moon’s disc in a solar eclipse The 
care bestowed on the studs of eclipses and oecultations has oudived con- 
tidencc in the political and person il effects attributed to them So also the 
usefulness of observations with the spectroscope may well outlast the wave 
theory of light and the ether People observed them and were able to know 
when they would occur at a particular place Anyone who possessed an 
hour-glass at another place could watch for them and record the interval 
which elapsed between an eclipse or occultation and the foregoing noon 
The illustration in I ig dT will make this clear If a lunar eclipse is seen 
at 5 58 p m by Greenw tch local time, you would see the moon’s disc efttenng 
the earth’s shadow cone at Aden just before mm? o’clock (S kS) according 
to a watch set bv the Aden sundial \ou would therefore^ be (8 58—5 58)=3 
hours in (^ont ol Greenwich time, and therefore you could conclude that 
Aden is 3 \ 1 5° — 4iast of Greenvvich The manner who possesses an 

almanac giving tfle local ume at which an eclipse or other celestial signal 
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Will occur at one place, can therefore obtain his longitude by recordjng the 
local tune of its occurrence where he is According to Marguet (Histoire de 
la Longitude de la Mer au XV III siede en France)^ Columbus looked out for 
a port of anchor at Haiti for observing at rest the conjuncuon of sun and 
moon on January 13, 1493 Bensaude {U Astronomie N antique au Portugal 
d Vipoque des grandes dicouvertes) tells us that Amerigo Vespucci found the 
difference of longitude between Venezuela and Cadiz in 1499 by observation 
of a lunar eclipse 

In his book The Geographical Lore of the Time of the Crusades^ J K Wright 
tells us how the AJexandnans, equipped with neither chronometers nor 
wireless signals, relied on this method of finding longitude to construct the 
first true maps 

Eratosthenes, Hipparchus, Pliny, and Ptolemy all understood that it may be 
found by observing the time of eclipses m different locahties Hipparchus 
believed that an extensive senes of observations should be earned out m order 
to ascertain, by mathematical and astronomical means alone, latitudes and 
longitudes of a large number of places To facihtate such a survey he prepared 
tables of lunar eclipses and tables to aid m the determmation of latitudes, but 
the practical difficulties of the imdertakmg were too great and the work was 
never completed In fact, throughout antiquity the total number of places 
whose position had thus been accurately determmed probably does not exceed 
half a dozen, if it is as many Plmy gives an account of two different occasions 
when observations were made of the same eclipse at two different places He 
says that at the time of the battle of Arbela the moon was eclipsed at the second 
hour of the mght, when at the same hour it was rismg in Sicily He also speaks 
of an eclipse of the sun that was seen m Campama between the seventh and 
eighth hours and m Armenia between the eleventh and twelftli, indicating 
a difference m longitude of four hours, or 60° The actual distance is no more 
than half of this Ptolemy also cites the echpse of 331 b c as givmg the distance 
between Carthage and Arbela Much greater accuracy was attamed by 
the Arabs m their calculations of longitude and some of their figures were passed 
on to the Western world m astronomical tables durmg the twelfth and thirteenth 
centuries 

The use of echpses depends on being able to reckon when the sun, the earth, 
and the moon will be m Ime with one another as seen at some parucular 
place This means being able to calculate the relative positions of the sun 
and moon as seen from the earth by analysis of recorded observations An 
analogous method depends on the fact that the moon retreats in its monthly 
course through approximately 360—30, or 12 degrees a day So its position 
with reference to the fi^ed stars changes appreciably in a couple of hours, 
even as judged by the use of very simple instruments Thus the moon is a 
clock which registers short mtervals of time Once we have discovered how 
to inap out the moon’s relation to the apparent rotation of the fixed stars, 
there are two different ways in which the moon’s motion may be used to 
compare local time with time at a standard observatory 

The discovery* of how to map the position of the heavenly bodies was 
therefore a necessary prehminary.to scientific earth survey The wealth of 
astrononucal knowledge amassed by the Alexandnan astronomers was ‘not 
merely the by-product of idle curiosity, nor a lopsided hypertrophy of 
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leisure In construimng the first maps they were forced to rely on much more 
devious methods than we employ in an age of sprmg clocks Gettmg a fairly 
good estimate of lautude inland in a d 1935 m the northern hemisphere is 
a very different thing from finding a latitude at sea on a particular day in the 
year 3(K) b c To begin with, there was no bnght star very near to the celestial 
pole at that date Even today the presence of Polans 1® from the North Pole 
does not help navigation in the southern hemisphere The sun is often 
obscured by cloud at noon so that it is highly unsatisfactory to rely on one or 
even two methods for finding one’s beatings The art of navigation, or of 
overland survey for imperialist camf aigns, has to make use of all the relevant 
information which any visible celestial ob)ect can provide 

While important contribuuons to optics, mechames, and medicmc are 
to be credited to the Alexandrian culture, its supreme achievements are all 
related directly or indirectly to the discovery of a scientific basis for earth 
survey Alexandna was a centre of maritime trade It was also a cosmopohtan 
product of Greek Impenalism, and thereafter the cultural Mecca of the 
Roman Empuc Knowledge of latitude grew out of the manner’s practice 
of steering his course by the heavenly bodies and noticmg the changmg 
elevation of the Pole Star m coastal sailmg northwards or southwards across 
the Mediterranean or beyond the Pillars of Hercules Knowledge of longitude, 
as the previous citation suggests, came from the arts of war, and did not 
enter into the practice of navigation till a far later date Estimates of long 
distances depended on information from impenalist campaigns Saentific 
geography was m part a by-prodact of the practice of navigation, in part a 
by-product of imperial expansion, and it was made possible when the 
prc-eikjsting lore of a ceremomal caste became ±e common possession of 
mankind Erilhant innovations m mathemaucs arose m close relation to the 
sani( group of problems The trigonometry of Archimedes and Hipparchus, 
the algebra of Thcon and Diophantus, can be traced to the inadequacies of 
Platonic geometry and Greek anthmenc as mstniments for handling the 
large-scale measurements which Alexandnan geodesy and astronomy 
entailed 

1 he principal discoveries which form the basis of the Ptolemaic system 
may be taken under four headings the measurement of the si 7 e of the earth, 
the construction ot universal star maps based on the principle of latitude 
and longituiie, the introduction of latitude and longitude for terrestrial 
cartography, and the first estimates of the distances of the moon and sun 
from the earth 

THE SIZr OP THE EARTH * 

"1 he first estimate of the earth’s circumference was made by Eratosthenes 
(c 250 B c ) As librarian of Alexandna he had access to information from 
which he was able to compare the sun’s alutude at two situations, on? due 
south of the other (Fig 38) On the summer solslice the noon sun was 
nurrored m a deep well near Sjene )ust below the first cafaract of the Nile 
on the tropic of Qncer The noon sun was therefore at the zemth On the 
same day at Alexandria, 500 miles due north, the obelisk shadow showed 
that the sun was If from the zenith Since the sun’s rays are parallel, this 
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Fig 38 

Note that at noon the sun lies directly over the observer’s mendian of longitude 
Syene and Alexandna have nearly the same longitude So the sun, the two places, 
and the earth’s centre, may be drawn on the same flat slab of space 

means that the arc, or *as we now say the difference of latitude, between 
Syene and Alexandna is approximately 1 e — 360 = ^ of the 

entire earth’s circumference Hence, the difference between Alexandna and 

• 1 

Syene (approximately 500 miles) is — of the circumference of the.globe So 

the earth’s circumference is about 48 x 500 = 24,000 miles The distance 
was given m stadia (the length of the games sttfditlm)^ and was probdbly 
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based on the average day’s )ourney of an army on the march The result 
agrees within 4 per cent with modern determinations 

In hib book, The World Machine-^ Carl Snyder quotes some other figures 
relative to early estimates of the earth’s size 

There was a curious tradition, preserved by Achilles Tatius, that the 
Chaldeans had measured tlic earth in terms of a day’s march They said if a 
man were able to walk steadily, and at a good pace, he would encompass the 
earth in one year 1 hey counted that he would do *^0 stadia (about 3 miles) 
an hour, and so computed tlie great circle of the globe at 263,000 stadia, which 
was very close to the estimate made by hratosthenes Eratosthenes’ 



Ilo\\ Posvuloiiius nicisured ihe circumtLrcncc ot the earth T. he ditterence between 
ihc /ciiiih distances ol the s util stir when measured at its meridian transit from two 
Simons IS the dilterLiKc ot latitude between the two stations If one is due north 
I'l the other this IS the numbei ol degrees in the arc ot the earth’s circumference between 
the two Simons isinee C inopus gri/ed the horizon (Z D ^90°) at Rhodes the differ- 
eiiee m luiiude between Alexindm md Rhodes was — (ZD at Alexandria) 


hgurc was J *>0,000 (or 2*)J,000), Hipparchus wished to increase this to 275,000, 
Poscidonius to reduce it, lixing it at 240,000 stadia according to Cleomedes, at 
ISO, 000 aeeording to Strabo This last figure was that adopted by Ptolemy, and 
this and other errors ot Ptolemy were the basis of Columbus’ bchef that India 
was near Had he known tlic true distance, possibly he never would have 
sulcd Is It the impression that we have here merely an intellectual 

conception — that the meaning of it in no wise came home to any of the ancients 
— tint there was no vnid sense of new continents, new worlds to explore^ 
Listen, then, to a passage of old Strabo, he is telhng of the ideas of Eratosthenes, 
wlio, he s n s, held ‘ tJiat it tlic extent ot the Atlantic Ocean vfere not an obstacle, 
we might oasily pass by sea from Iberia (i e Spam) to India, soil keepmg m 
the same parallel temperate zone), the remainmg poraon of which 
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parallel, measured as above m stadia (252,000) occupies more than a third of 
the whole circle, since the parallel drawn through Athens, in which we have 
taken the distances from India to Iberia, docs not contain in the whole 200,000 
stadia 

To get his measured distance Poseidomus relied on manners’ estimates 
of a straight course northwards across the Mediterranean Like that of 
Eratosthenes, his me±od depends on the fact that the difference of latitude 
between two places is eqmvalent to the difference of zemth distance or 
altitude of the same heavenly body when it crosses the meridian (Fig 39) 


Pole 



hiG 40 — Small Circles of Laiitude on the Terrestrial and of Declination 
ON THE Celestial Sphere 

Just as lautude is the angle of elevation north of the equator of a point on the eirth’s 
surface, so declination is the angle of elevation north of the celestial equator of a 
point on the celestial sphere Latitudes and decimations south of the equatorial plane 
are thus reckoned as negative 

Poseidomus measured the zemth distance of the star Canopus at Alexandria 
and on the island of Rhodes, situated roughly 350 miles north of the former 
Canopus, after Sinus th^ brightest star m the sky, just grazes the horizon 
at Rhodes, and is mvisible further north 
Accordmg to the best measurements, the earth’s diameter is 7,000 miles 
along the polar axis and 7,926 7 miles across the equator The geometric 
mean of the two is 7,913 3 miles The flattemng at the poles about which 
we heard so much at school amounts to a difference of less than fifty miles 
between the two ases Thus the circumference along the Greenwich meridian 
IS 77- X 7,913 3 = 24,860 miles, andt along the equator, Y X 7,926 -7 = 24,902 
miles Once the size of the earth is known, it is ah eftsy ^matter to calculate 
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the distance v'hich separates any two places, if their latitude and longitude 
are also available The position of a ship at sea with reference to any port 
can be calculated within a few yards 



Ik, ti — A siAu AT Miridi^n Transit I irs iv thr Samf Plane as the Observer, 
im lAKrns Pons, iiu /lmiji, mr Souih and North Points of the Horizon, 

AND THE LaUHI’s Cl NT RE 

A str u^ht lint wliu ti does not he on some particular flat slab of space (or plane) can 
onl\ cut It oolc \ siruRht line which passes through more than one pomt on a plane 
ihf rctorc lies on tlic sime plane as the points through which it passes The plane 
boumieti b\ tin. observer :> great circle of longitude and the eartlPs axis includes as 
pt>ints tl c irih s eentre, observer, and the canh’s poles The hne joining zenith and 
t>hseivtr pisses also through the' earth’s centre, i c tlirough more than one pomt on 
this pi me Iknec it lies wholly on tlic plane The north and south pomts of the 
horizon lie in the smic plane as the meridian of longitude through the observer 
ho south and north points, zenith and observer, are all in the same plane with the 
earth s ee litre 'md poles \ circle can only cut a plane m wluch it does not itself he at 
two points I he cu-ele driwn through the north and south*pomts and the zemth passes 
through more thin two points in the same plane, and therefore hes wholly on it So 
any point on this imiginary circle (the cclesual meridian) is also on it 

HIE CONSTRUCTION OF A STAR MAP o 

Today we are all brought up to use maps An acquaintance with latitude 
and longitude is part of the equipment of a citizen for everyday hfe m an 
age of w iiiespread communications over large distances shall therefore 
find It more easy to oqvi^ge the constnicuon of a star map from what wc 
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have already learped in using an earth map Imagine a long suck connecting 
the celestial sphere with the centre of the earth If we rotate it (Fig 48) in 
a great semicircle from pole to pole, it will trace out a meridian of longitude 
on the surface of the earth, and a corresponding semicircle which is called 
a meridian of right ascension on the celestid sphere All observers on the same 
semicircle of longitude will have the same local time They will all see any 
celestial body of the same right ascension crossmg the meridian at the same 
moment The difference between the longitudes of any two observers will be 
the hour angle difference between the corresponding semicircles of right 
ascension coinciding with their celestial mendians at the same moment If 
we imagine the stick to rotate (Fig 40) so that it always cuts the earth’s surface 



CQ.r]trQ. 
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Fig 42 

Two stars in the northern half of the celestial sphere, one crossing thetmeridian 
north, the other south of the zenith If the star crosses north Declin *= T at of 
observer + meridian zemth distance If it crosses south Lat of observer = Decli- 
nauon -h meridian zemth distance, i e Dechn = Lat of observer meridian 
zenith distance T. he first formula holds for all cases if we reckon as negative zenith 
distances south of the zenith, and latitudes or declinations south of the equator 


at the same distance from the equator, it will trace out a circle of latitude on 
the earth’s surface, and a corresponding circle of declination on the celestial 
sphere As the celestial sphere rotates around its axis in the plane of the 
equator, any heavenly body on this circle of declination will be seen exactly 
at the zemth when it crosses the meridian of any observer on the correspondmg 
circle of terrestnal latitude A star on any other decimation circle will have 
the same meridian altitude for all observers on any one circle of latitude 
If the decimations and right ascensions of the stars are tabulated, we can 
use any one of them to find latitude (Figs 42 and 43) or longitude The 
practical advantage of this is that (i) if we are travelling rapidly, we can 
rheck pur position at frequent intervals, (u) we are less dependent on continu- 
ously fine weather, (m) we can make the necessary observations at any time 
bet\\ een sunset and sunrise since there is always some star near the meridian 
The construction of a rough star map which will give latitude and longitude 
within a degree is comparatively simple. . 
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To get the dechnation of a star in the northern hemisphere, find its altitude 
(measured from the north pomt) when it crosses the meridian This will be 
Its maximum altitude taken at intervals of a minute round about the time 
when Its azimuth is nearly zero Subtract the local altitude of the Pole Star 

FlO 43— LAFITUDL, DErLlNATIO^F, AND ZENITH DISTANCE, AT MERIDIAN TRANSIT 
In both parts of flic following figure, COP = ZON, since COP is the right angle 
between tJic ccitstifi equator and the polar axis, and ZON is the right angle between 
the /cnilh and the horizon 



A h ciTLsds tiotth of -tiuz 'Z^ru±h 


i or I . 11 ^ \ j which tnnsits north of the zenith 

COP AOP ^ ZON -- AGP 
1 e Declu _ ^ d + Lat 
or I at - Dcchn — z d 



.'yUu B d VuPtb scizdiof tlia 2anitK 

f oi 1 St ir which triusits south ol the zenith 

COP zop = ZON - ZOP 
i e Dechn 4- z d ^ Lat 
^r Dcclin -- Lat — z d 

reckoned as ncgTtn ztiuth distances south of the zenith are 


11! ‘'*.o "he Pole Star, le us nortlj polar 
Wr preetsion the decimation is 

evi.'ik li H 

appeafto revolve Polaris 
Itself describes a unjicirple of T round the true celesual pole The mean of 
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two determinations of the altitude of the Pole Star taken with an interval 
of SIX months at the same hour of the mght gives a correct value In principle 
this IS what we should have to do, if we wanted to locate the pole of the 
southern hemisphere, because there is no bright star near it There was 
no bright star very near the north celestial pole in the time of Hipparchus 
The altitude of the celestial pole (P), whether south or north (Fig 44), is 
simply the average of the altitude (A) of any circumpolar star at its upper 
culmination and the altitude (a) of the same star at its lower culmination, i e 

P == i(A + a) 



Fig 44 

The celesuai pole is half-way between the positions of a circumpolar star* at its upper 
and lower culmination Hence the angle (B) between the celestial pole and a circum- 
polar star is half the angle between its positions at lower and upper transit So if the 
altitude of the star at lower transit is a, and at upper transit A, A = a + T he 
observer’s latitude is the altitude of the celestial pole 

Lat = £i-f-B=={j-j-^ (2B) 

= ^ i (A — a) ~ i (A -f fl) 


Having got P, the south polar distance of any star whose meridian altitude 
is M, IS M — P, and its south dechnation is 

90° - S P D 

It will help you to visualize the meanmg of decimation if you see how 
the decimation of a heavenly body affects its direction of rismg, setting, 
transit, etc , by considering the appearance of the heavens at some particular 
latitude, e g Lat 50° N m Figs 45 and 46 You see for mstance that the 
plane of the midsummer ‘sun’s (declm = + 23^°) apparent diurnal path cuts 
the horizon plane north of the midpomt between the north and south extremi- 
ties of the horizon, so that the sim rises and sets north of the east and west points 
between March 21st and September 23rd and transits on June 21st 26 south 
of the zenith Between September 23rd and March 21st the decimation is nega- 
tive, bemg — 23i° on December 21st, and the sun rises and sets towards the 
south It transits only 16^° above the horizon at Lat 50° N on December 2l8t 
. Without makmg any measurements at all, you can get a good, estimate of 
your latitude (L) if you know the stars by name and* hai^e an almanac at hand 
The foUowmg simple deductions illustrated m Fig 48 apply to latitudes north of 
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^*5° N A corresponding figure will show you how to modify rules (a), {b) and 
(c) toi latitudes farther south 

(a) If the decimation of a star is greater than 1 the star is circum- 
polar and transits north of the zenith 

(b) If the decimation of a star is exactly -[ it is circumpolar and transits 
at the zenith 

{c) If Its declination lies between L"* and (^0 — L)°j it is circumpolar 
and transits south If ns decimation is exactly (90 — L)®, it just grazes the 
northern horizon at lower transit 



MG 4r) 

on June 21st 2(,i''s from the zenith and 63}° above 
hor,.on 't tr.iPs.ts only l..}» above the southern 


(ill H Its .icchnatjon lies between (<>0 - L)° and 0°, it rises and sets north 
oi tlic C 1 st and west points of tlac horizon, and transits south 

(0 It Its declination is exactly 0^, ,t rises and sets due east and west and 
iransits ^ouih 

tr,ni/\'‘' between 0° and - (90 - L)% it nses, sets, and 

transits towards the south 

ijnjj .r - L)% It ,ust grazes the southern 

nori/on at upper transit 

north^?Z'i‘T considetauons that a table of declinauons fixes your 
,vi! i ‘"I" distinguish any star which ttansits at the zenith, any 

Tust vr7 lionzon at lower transit, or any star which 

atItu^7'^ bonzon In a simUar way, you can find your 'south 

latitude It you Ine in the southern hemisphere The’previous figure (Fig 46) 

Tti err , ^ ®te reciprocally equivalent on alternate solstices 

vS’r 17 of a star at different tunes of the 

year, you need to Itnow its R A and that of the sun From'the diagram you 
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Will see that if a star has south declination, it will never, at the latitude specified, 
be above the horizon for half its diurnal course, i e twelve hours This means 
that if It IS a wmter star, it will traverse its complete course over the horizon in 
less time than the durauon of darkness which is then greater than twelve hours 
To lay off the other coordinate of a star corresponding to longitude, we 
have to choose a base Ime in the heavens like the Greenwich meridian, which 
is usually taken as 0® for terrestrial position The one chosen is the semi- 



Fig 46 

At Lautude 50® N 

Star (a) declination greater than 50®, is circumpolar, and transits north of the zemth 
Star (5) dechnauon exactly 50°, transits at the zemth and is also circumpolar 
Star (c) declination 40° (N P D = 50°), transits soutli of the zenith at us upper cul- 
mmauon and )ust grazes the horizon at its lower 
Star (d) declination less than 40°, greater than 0°, transits south, rises m the north- 
east and sets m the north-west 

Star (ej declination exactly 0°, rises due east and sets due west, transits south 
Star (/) dechnauon less than 0°, greater than — 40°, nses m the south-east, sets in 
the south-west and transits south 

Star (^) defclinauon exactly — 40°, just grazes the horizon at transit 

circle of nght ascension on which the sun hes at the exact moment when it 
crosses the equator on the vernal equinox (Figs 47 and 48) Where the 
equinoctial mtersects with the echpnc in the spnng posiuon of the sun is 
called the First Point of Aries This is the celesual Greenwich The Right 
Ascension of a star is the hour angle which separates it from the Right Ascen- 
sion circle which passes through the First Point of Anes It is measured 
eastwards So it is obtaiited by subtracting the time* at which the First Pomt 
of Aries crosses the meridian from the tune at which the star under observa- 
tion crosses the mtndian It is therefore usually given in hours rather than 

* Stnetiy sidereal (see p 60) The erior m counting it, as solar for short penodsi is 
ncglcaed 
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degrees (15° = 1 hour, or 1° = 4 minutes) This practice may at first confuse 
you, because degrees, like hours, are divided into minutes and seconds So it is 
always important when speaking of seconds or minutes to make sure whether 
units of time or angular measure are being used The signs ' and " are used 
for angular minutes and seconds 

For rough purposes the method of finding the R A of a star is therefore 
as follows Determine the time at which any star crosses the meridian after 



N(H>n at Greenwich on March 21st Showing relation of R A , longitude, and time 
\t noon the R A meridian of the sun m the celestial sphere is m the same plane as 
1 uc longitude meridian of the observer If you are 10° W of Greenwich the earth must 
rotate duough 30° or of a revolution, takmg 2 hours, before your meridian is in 
tin plane of the sun’s, or the sun must appear to travel through 10° before its meridian 
IS ni the same plane as yours Hence your noon will be 2 hours behind Greenwich 
A clock set by Greenwich time will record 2pm when the sun crosses your meridian, 
i e at noon local time If tlic da»^c is March 21st when the sun’s R A is zero a star of 
right ascension 0 hours will cross the meridian at 6 p m local time If it crossed at 
s pm Greenwich time your clock would be 2 hours slow by Greenwich, so your 
longitude would be 30° W The hgure shows the anu-clockwise rotation of the stars 
looking ftorthwardsy so the south pole is nearest to you 

sunset on the vernal equinox 1 he sun is approximately at the Pirst Pomt 
of Aries at noon on that day So the number of hours which elapse between 
noon and the time when the star crosses the meridian after sunset is approxi- 
mately its right ascension If a star is not visible op the mght following noon 
on the vernal equinox, we have only to compare its time of transit at a 
convenient season with that of one winch is visible throughout the year, e g 
(I in Ursa Major If it transits before the standard star, we subtract the 
difierence from the R A of the latter If it transits later, we add the difference 
If It rams or the sky is overcast on the mght following the vernal equinox, we 
can use the sun as our standard star, taking its right ascension as 6 hours on 
June 21st^ 12 hours on September 23rd, or 18 hours on December 21st, 
atid so forth Smee tie 5un retreats eastwards through 360® m 365 days, its 
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R A increases from O'" at the vernal equinox to 360° at the next by roughly T 
per day 

Hence, if the R A of Betelgeuse is stated to be approximately 5 hours 
50 minutes, this means that Betelgeuse transits 5 hours 50 minutes after the 
First Point of Aries (t), or approximately at 5 50 p m on the day following 
the vernal equinox (Fig 48) It will therefore be invisible at the time of 
transit since the sun has not qmte set A month earher (30 days) the sun 
would not yet have reached T in its annual retreat eastward in the ecliptic, 
and Its R A would be 360° — 30° = 330° approximately, or in time units 
22 hours Thus the sun would transit 2 hours before T, and the star would 



The star shown (RAG hours) makes its transit above the meridian at noon on Jimc 2 1st 
and midnight on December 21stj i e it is a wmter star like Betelgeuse 

therefore cross the meridian 7 hours 50 minutes after the sun, i e at 7 50 p m 
A star will transit at midmght when its R A differs from that of the sun by 
1H0°, or 12 hours Hence Betelgeuse would transit at midnight when the sun’s 
R A IS 17 hours 50 minutes, i e when the sun’s R A is about 10 mmutcs 
behind its R A on December 21st Smce 10 minutes in time represents 
(10 — 60) X 15 = 2|°, this IS approximately 2 \ days before December 21st, 
1 e abqut December 19th 

Alternatively you can Igok on the R A of a star as a way of determmmg 
local time at night Thus, if the R A of Betelgeuse is given as 5 hours 
50 minutes, and thfc date is November 1st, we can set a watch which has 
stopped by findmg the moment at which it crosses the m^ndian Oh Novem- 
ber 1st, 39 days after the autumnal equmox (when the s\m’^ R.A. is 12 hours 
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or 180*") the sun’s R A is approximately 219'’, or hours=14 hours 

36 minutes 1 he sun therefore transits 24 hours — 14 hours 36 minutes = 9 
hours 24 minutes before T, or 15 hours 14 minutes before the star When 
Betelgeuse transits the local time is therefore 1514pm, or 314am You will 
see from this that a single glance at a table of R A tells you whether a star 



l IG \V\l> Pi ANJISIMII rH TO II LlJsrRArr R] I \IION Oh KitjhT AsU^SlON 

lO I 0( AI 1 IML 01 1 R.\\SU 

n tilt sun\ R \ Is V It ti uisits Y lunirs ilur tlu z<.ro R A circh (.through the I irst 
Point ol Atk''^ It ilu stirs R A is \, it timsiis . hours alter ^ 1 he star therefore 

tnnsiisv X lioms liter tliL sun, 1 c its lorn time ot tr m^t is (x* — x; Hence 

Stir’s R \ - Sun’i. R A - Local tunc of tiansit 

It miv hipptn that the dilUrtnce is neguive, is m the example in the figure, the 
lotnl tiniL ot tr insit luing 1 > hours minutes, i c 1 ■> hours minutes htfore noon 
which IS tile s line is s hours >i mmiitts after noon (s '>1 p in ) The figure shows that ^ 
the sun ti insits \ liours bctorc 1 , and the star ■) hoius ”1 mmutes after, makmg the 
time ot transit as taicd 1 lit orient ition is the sime is \n Pig 47 

IS in the ascend int in summer, winter, spring, or autumn That the R A 
of Betelgeuse is 5 hours ot) minutes means that Betelgeuse occupies the same 
position in the celestnl sphere as the sun docs ^proximately 10 *— 4, or 
2^ days before June 21st (when its R A is 6 hours), i e about June 19th 
Hence it will transit t> montlis later at midnight (aboiK December 19th), 
and is a winter star . 

In takmg the posidon of T as \hc sun’s position at noon on the vernal 
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equinox there is a small maccuracy * The way m which we actually determine 
the vernal equinox does not mean that the sun is exactly over the equator 
at local noon on that day Hence the sun is not exactly at the First Point of 
Aries when it crosses the meridian The vernal equinox is chosen as the day 
on which the sun at noon is nearer to the plane of the equator than it is on 
the day before or the day after It is exactly at the First Point of Aries at 
some time on the vernal equinox, that is to say, withm 12 hours before noon 
or after noon Since it shps back eastwards at the rate of T per day of 24 
hours, the method given does not involve an error of more than or 2 
minutes of time m right ascension The sun’s right ascension at noon on 
the vernal equinox, therefore, hes between 23 hours 58 minutes and 
0 hour 2 minutes With home-made instruments we can be very well satis- 




The sun crossing the equator Above just before March 2 Jst, sun south of the equator, 
dcchnation (noon z d of sun as seen by an observer at the equator) negauve Below 
just after March 21st decimation positive 

fled with an error as small as this It only involves an error of m 
longitude At the equator that means a distance of roughly ( 27 r X 4,000) — 
(2 X 360), or about 35 miles in a measurement round the earth 

For more accurate deternunauon of the R A of a star we reqmre to know 
when the sim “crosses the equator,’^ i e when it is exactly at the point when 
the echptic mtersects with the equinoctial Over the equator the sun is highest 
at noon on the equinox, bemg south of the zenith (z d negative) on the day 
precedmg the vernal equmox and north (z d positive) on the day followmg it 
(Fig 50) Smee ±e declinauon of a heavenly body is its z d in mendtan transit 
at the equator, the decimation changes from negative to posiuve through 
zero The time at which the sun crosses the equator can be found approximately 
thus Suppose the decimation of the sun by z d at noon is known for the day 
before and after the equmox, so that 

Decimation at noon March 20th — - D 

Declination at noon March 22nd ~ + d 


* Sec also footnote on p 91 
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In 18 hours the increase m declination is therefore 


In t hours il is 


d-{-~D)=-d^D 


(f-h D 
48 


X t 


If t hours after noon on March 20th is the time when the sun crosses the 
equator, the declinauon increases from — D to 0 in r hours, i e the mcrease 
IS D 


48 

48D 

' + D 


X t 


If the ume is reckoned from noon on March 21st, it is 

24(D - d) 


24 - 


D + d 


Suppose, then, that the sun crosses x hours after noon In these t - 24) 
hours It advances cast towards T at the rate of 1 ' or an hour angle of 4 minutes 
4x X 

per day, i c it will be - -- - mmutes in time units west of at noon Therefore 
24 b 

X 

T crosses the meridian ^ minutes after noon, and the sun’s R A at noon is 

- ^ mmutes expressed m time umts This quanaty will have to be added to 
h 

the difference in sidereal time after noon when a star crosses the meridian to 
get Its true R A ho if the time of transit of a star is F hours after noon on the 

X X 

equinox, its RA will be T 1 (— -) - F - Accordmg to Whitaker^ s 

Almatutiky U)44, the declinations of the sun at noon were 

March 20th - ID 2 minutes (angular umts) 

March 22nd -|- 28 2 mmutes (angular umts) 

Hence the time after noon March 2 1st when the sun crossed was 

24(D - d) -9 X 24 
“ 47 4 


= —46 approx 


I e the &un crossed the equator 4i hours before noon or at 7 30 am on 
March 21bt Hence the time at which ^ crosses the meridian is 

4 5 

— mmutes — 45 seconds (approx ) 

before noon and the RA of the sun at noon is 45 seconds This must be added 
to the time which elapses between noon and the next transit of a star to get us 
correct R A m omc units ^ 

It IS important to bear in mind that mapping stars in this way is merely 
a way of telling us m what direcuon we have to look OBto pomt a telescope 
m order to see them The posiuon of.a star as shown on the star map has 
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nothing to do with how far it is away from us If you dug straight down 
followmg the plumbhne, you would eventually reach the centre of the earth, 
and the bottom of a straight well, as viewed from the centre gf the earth, 
if that were possible, would therefore be exactly m hne with the top It has 
the same lautude and longitude as the latter, though it is not so far away 
from the earth’s centre The latitude or longitude of the bottom of a mme 
IS the latitude and longitude of the spot where the hne ;oimng it with the 
centre of the earth, if continued upwards, cuts ±e earth’s surface So the 
decimation and right ascension of a star measure the place where the hne 
joimng the earth’s centre and the star cuts an imagmary globe whose radius 
extends to the farthermost stars In a total echpse the sun and the moon 
have the same dechnation and R A just as the top and bottom of a mine 
have the same latitude and longitude This means that the sun and moon 
are directly m hne with the centre of the earth like the top and the bottom 
of a mine If we are only concerned with the direction along which we have 
to look or tilt our telescope to see a star, we may therefore treat stars as if 
they were all placed on the surface of one and the same celestial sphere 


INTERPRETATION OF THE STAR MAP 

Havmg determmed the relative positions of a sufficient number of bright 
stars — Hipparchus tabulated 1,080 fixed stars in 150 b c — we can construct 
a star map like that of the northern celesual hemisphere in Fig 51 Such a 
map or plamsphere embodies in a compact form all the requisite data, set 
forth with more precision m nautical almanacs, for finding the position of 
a ship at sea 

To find latitude from the decimation of any star which is near the meridian 
at the time when we require to know where we arc, we make use of the 
simple rule explamed m Fig 43, i e 

Decimation = Lautude + Z D or Latitude == Declmauon — ZD 

To make this apply to all circumstances, it is necessary to reckon z d with 
opposite signs north and south of the zemth, and lautude or declination with 
opposite signs north and south of the equator By agreement, north measure- 
ments are reckoned posiuve, south measurements negauve Thus, as you will 
see from Fig 43, with northern laUtudes we may distmgmsh three cases 

(a) Star north of the equator and zemth Declmauon and z d both 

posiUve L = D — Z 

(b) Star north of equator, south of the zemth decbnauon positive, z d 

negauve L = D + (— Z), L == D — Z 

(c) Star south of the equator and zemth declmauon and z d both negative 

L = (- Z) - (- D), L = D - Z 

For lapfudes south of the equator the three corresponding cases are 

(a) Star north of the equator declmauon and z d both posiuve 
(-I^ = Z-D, L==D-Z 

* The first hint of such a model seems to have been given by the Atheman Eudoxu^ 

D * • ^ 
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ib) Star south of the equator^ north of the zenith declination negative 
and z d posmve (~ L) = (— D) + Z, L - D — Z 

(c) Star south of equator •md zenith declinauon and z d both negative 
(~ L) - D) - Z), L = D - Z 

If we know the declination circle of any star on the star map, we have 
only to determine its zemili distance at meridian transit to obtain our lati- 

T/drch 21 


r 



Snr nnp or plinisrhcrc showing ^ihc i)Osmon ot a few oi the principal i>tar<; ind 
constJluions in the northern celesinl lumisphcre ir circles of decbnation and radii 
ol light ascension he sun s track in the ecliptic and ns po-=itic-n at the solstices and 
equinoxes are also shown 


tude For example, on a certain mght the altitude of the star a m Cassiopeia 
Irom the non hern hort/on was found to be KV KV at its upper culmmation 
I he dcclin ition of a Cassiopciae is given in the ^auUcal Almanac as 56° 1 1 ' 
from the observed meridian altitude the zemth distance ot the star at the 
ship's laiiuidc lx lound to be 90° — 83° 10' ~ 6° 50' Since 

Latitude Declination —ZD • 

the 1 HI tilde ot the ship was 


56° IF - 6° 50;= 49^" 21' N 
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Now that we have clocks, the determination of longitude may be illustrated 
by the following example in which the data given are not very accurate 
On January 21st the star Betelgeuse is seen crossing the meridian when 
the ship’s chronometer (Greenwich Mean Time) registers 11 30 pm The 
R A of Betelgeuse is 5 hours 62 mmutes (to the nearest minute) Hence 
Betelgeuse crosses the meridian 6 hours 52 mmutes after T If we are without 
an almanac we can make a rough estimate of our longitude as follows On 
January 21st the sun has moved through Ath of its apparent annual retreat 
since December 21st, when its R A is 18 hours So the R A of the sun on 
January 21st is approximately 20 hours, and T crosses the meridian 4 hours 
after the sun, le at 4 p.m Hence Betelgeuse crosses the meridian at 
5 hours 52 mmutes + 4 hours = 9 hours 52 mmutes after local noon So 
by local time its time of transit is 9 52 p m Neglecting the “equation of 
time,” local time is therefore 1 hour 38 mmutes or 1 1 hours behind Green- 
wich, and the ship is approximately If X 15® — 26® W of Greenwich 
The almanac for 1937 tells us that the sun’s noon R A at Greenwich on 
January 21st is 20 hours 13 mmutes So its R A at 11 30 pm is about 
20 hours 15 minutes, and the local time at which Betelgeuse transits is 3 hours 
45 mmutes + 5 hours 62 mmutes, i e 9 hours 37 minutes The almanac 
also states that we must add 11 minutes 24 seconds (“equation of time”) to 
“apparent” (i e sundial) time to get mean time We must therefore take away 
11 mmutes 24 seconds from the chronometer time to get true solar local 
time at Greenwich Hence the Greenwich solar time of transit is 11 hours 
19 mmutes Thus the ship’s time is 11 hours 19 minutes —9 hours 37 mmutes 
1 hour 42 mmutes slow Counting 4 mmutes as eqmvalent to one degree a 
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more accurate estimate of the longitude is therefore — = 25 1® W 


From these examples you will see that with modem methods of recordmg 
time, a ship’s position can be determined at noon, sunset, midmght, and 
sunrise, or at any hour between sunset and sunrise, if the weather is fine 
When the sky is overcast so that the familiar constellations are difficult to 
recognize, the star map also helps us to locate a particular star m a favourable 
position for observation, provided we already know our approximate bearings 
by a recent determination In navigation the exact moment of transit of a 
star IS not easy to record It is usual to note the times when the star has the 
same altitude before and after transit, i e east and west of the meridian The 
time of transit is midway between 

Looking at the map m Fig 51 you will see that the summer star Arcturus 
of Browmng’s poem lies near the right ascension hne XIV, i e it comes 
on the meridian about 2 am on March 21st, about midnight April 21st, 
about 8pm (or about sunset) on June 21st On October 28th it is on the 
meridian about noon So it will not be visible high m the heavens at any 
time on^the latter date To get a picture of its hours of rising and settmg, 
we can make a rough construction by taking into account its decimation 
circle (approximately 20®) The diagram (Fig 52) shows that the sun rises 
and sets about 7 a and 5 pm. respectively Arcturus rises and sets at 
4am and 8pm respectively So Arcturus will be visible in thfe eastent 
sky for three hours before sunnse and m the western sky after sunset. 
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The use of the star map to detemune the azimuths of rising and settmg, 
as also the times of rising and settmg at different seasons, will be set forth 
more fully m Chapter IV p 1<J6 The method of finding the moon’s RA 
and declination on days of the month, when it does not transit after dark, 
will also be explained in the same context What has been said about Arcturus 
suffices to illustrate the most characteristic features of the lunar cycle The 
moon’s R A increases by "^60 degrees in a period a little less (Fig 51) than an 
ordinary month reckoned from new moon to new moon It has to move through 
a little more than i60 to catch up witli the sun, because the sun’s R A is 
slowly increasing at about one- twelfth the rate at which the moon recedes 
eastwards among the stars If the n/oon’s retreat eastwards occurred m the plane 
of the celestial equator, it would rise dv^e east at noon, transit at (> p m and set 
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C onstrucuon lo show how the times of rising and ettmg of a star (Arcturus) can be 
deduced from us dcchnition (Jo N ) at a particulu lititudc ("lO'^ N) on a particular 
day ot the year (October Jsih) 

due west at midnight on the first quarter day, rise due east at h p m , transit at 
midnight and set due west at (> a m when full, rise due cast at midnight, transit 
at b a m and stt due w est at noon on the last quarter day The time and direction 
of nsmg and setting m die various phases of the moon vary from month to 
month because the moon retreats in an oblique. path, like that of the sun, 
among the zodiacal constellations As will be explained below (see also Fig 53)' 
the trace of the moon’s cycle on the star map lies ver> close to the echpuc So 
the moon’s cycle exhibits certain analogies with that of the sun 
In a nordiern latitude a star with north declination like Arcturus traces a 
wider arc above die horizon than a star with south decimation like Sinus, the 
mterval between nsmg and settmg bemg more than 12 hours for a northerly 
and less ^an 1 J hours for a soudacrly star Smee the sun 'remains longer above 
the horizon wlicn if^es^n the same direction as the northerly constellauons of 
the Zodiac dm mg the summer montht, summer days arc longer than those of 
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the winter When the sun is in Aries or Libra (using the terms m their historic 
sense, see p 64), its declination is changmg very rapidly When m Cancer or 
Capricorn it is apparently retreatmg m a direction approximately parallel to 
the equator, and hence its declmatipn is changmg less rapidly For this reason 
the length of day and mght changes very little about the time of the solstices 
and more noticeably durmg sprmg and autumn, when the days are said to be 
“drawmg out’’ or “drawmg in ” 

Since the moon takes longer to get back to the same position relative to the 
bun (difference between sun’s R A and moon’s R A 360°) than to regam its 
former position among the fixed stars (moon’s R A mcreased by 360°) the 
moon’s station m the zodiacal belt at any particular phase (posiuon relative 
to the sun) is not the same m two successive months, and smce its northerly 
decimation is mcreasmg most rapidly when it is m Aries, the “moon day” 
is drawmg out, i e the duration of its passage above the horizon is mcreasmg 
most rapidly at this stage m its eastward retreat This means that the time 
of rising on the succeedmg night is not so much later as it would be if the 
moon retreated m a plane parallel to that of the equator Conversely the m- 
terval between simset and moonrise on successive nights mcreases rather 
qmckly when the moon is m Libra, smce the moon’s decimation is then de- 
creasing most rapidly Smce full moon occurs when the moon’s RA. differs 
from that of the sun by 180°, the full moon is m Aries when the sun is m 
Libra, i e at the autunrn equmox About the full moon (“harvest moon”) near 
the autumn equmox the time of moonrise changes very little on successive 
mghts So the m terval between sunset and moonrise )ust after full moon 
changes very little, and there is a relatively long period durmg which the moon 
is high m the heavens for the greater part of the mght 

Careful observation of the lunar cycle was a task of great social importance 
while calendncal practice adhered to the chimerical attempt to square the 
primitive lunar c^endar of a huntmg and food-gathermg stage in social 
evolution with the stellar or solar calendar of a settled agrarian economy 
The maritime Greeks (see p 6o) started off with a far more primitive 
calendar than that of the Egyptians, and this fact may have contnbuted to 
the fruitful fusion of navigational astronomy with calendncal practice At a 
later date lunar tables had also to be composed for calculauon of longitude It 
will help you to understand how they are made, and, later on, to calculate the 
position of the planets, if you plot the moon’s apparent track from one of 
the ephemerides sold for astrological amusement, or from Whttaker^s 
Almanack^ as m Fig 53 This gives its position on the star map from 
January 3rd to 30th in the year 1894 New moon occurs when ±e moon’s 
R A is the same as the sun’s, full moon when it differs from that of the sun 
by 180° We find from Whitaker that the moon and the sun have the same 
R A at some time between noon and midmght on January 7th of the month 
plotted m the figure The following figures are for midmght, the values 
given m time umts being turned into degrees, and obtained by takmg the 
average for successive noons 

SAn’s R A (S) Moon’s R A (M) Difference 
(midnight) ^.midnighO (S — M) 

January 6th * 288J 287^ + 1 

January 7th 289i • 300i , -11 
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The sun’s R A exceeded that of the moon by roughly T at midnight on 
the 6th By midmght on the 7th the moon’s R A exceeded the sun’s by 
roughly 11°. Hence new moon occurred m the early hours of the morning 
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Ulc moon •• course as represented in the star nidp in the course of a sidereal month 
i,see tes-t) I he iK>eles Occur at posiuons occupied b> tlie moon late on January Ihh 
and J inuary .-'uth 


on January '"th hull moon occurred soon after noon on January 21st Thus 
using midnight values as before, Whitaker gives 


J inuary JOth 
J inuary 2 1st 


Sun’s R A 
303} 
304} 


Moon s R A 

\m 

13o| 


Difference 
+ 188f 
+ 173^ 


I he iic\t nc\s moon occurred m the evening of February bth Thus • 

t 

Sun’s R \ Moon’s R A Difference 

Tebruar) 1th 310} 309 J ' -f-9| 

Fcbruar\ oth 320} _ 321? — li 
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This shows that the penod which separates one new moon from the next 
IS between 29 and 30 days The average of many determinaaons shows that 
It IS almost exactly 29^ days 

The interval between two new moons when the sun, moon, and earth 
are m the same hne, is called the ordinary or synodic month The synodic 
month IS not the same as the tmie taken by the moon to revolve in its orbit 
This time — the sidereal month — is the time m which the moon gets back to 
the same position with reference to the fixed stars, i e the time taken for its 
R A to increase by 360°, so that it has the same value The synodic month is 
longer than the sidereal because the sun’s R A mcreases in the course of 
the inon± When the moon’s R A is the same as what it was at the last new 
moon, the sun’s R A is greater Hence, the moon has to move farther to 
catch It up The figure shows you that the sidereal month is )ust over 27 
days Daily record of its R A shows that values recur at average mtervals 
of almost exactly 27 J days The exact time at which the moon regams the 
same R A can be easily mterpolated from daily records of its transit, and 
smee we know the sun’s daily change in R A , we can easily deduce the exact 
ume of the new moon The exact time of recurrence of two new moons, 
1 e the length of the synodic month, is connected with the length of the 
sidereal month by a very simple formula The sun moves through 360° of 
R A m Y days (one year) The moon moves through 360° of R A in S days 
(one sidereal month) and gains 360° on the sun, so that they both have the 
same R A in M days (one synodic month) Thus, 

360° 

in one day the sun’s R A, mcreases 


m one day the moon’s R.A. mcreases 


360° 


^ 1 . 360 ° 360 ° 

m one day the moon s R*A gams on the sun s by — ^ — 

o Y 


Bui in one day the moon gams m R A 

M 

360 _ 360 360 

** Al "" "s' ~ 

•’* M“ S Y 

If S IS 27 J and Y ts 365i 

^ 

M ~ 82 ~ 1461 

, M = 29^ (approx ) 

The same figure also shows us the nodes where sun and moon have the 
same dedination corresponding to the same R A Smee echpses can only 
occur if the moon is near a node, anc^ when the sun’s R ^ is the same as that 
of the moon (solar echpse) or dififers from it by 18(T (hm^ echpse'), we can 
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calculate the time of eclipses by observations of this kind Repeated records 
show that the position of the moon’s node rotates along the ecliptic m accord- 
ance with the rule empirically discovered by the Sumerian priests (p 46) 

By knowing the exaa length of the sidereal month we can calculate the 
time of an occultation A star or planet will hide behind the moon’s disc at 
the day and hour when its R A agrees with that of the moon and its declina- 
tion does not differ from that of the moon by more than half the angular 
difierence of the two edges of the latter The angular diameter of the moon 
is almost exactly (i e we have to turn a telescope through to focus the 
two edges successively at the centre) To make such forecasts far ahead it 
IS also necessary to take into account the rotation of the nodes If we have 
tables of the moon’s R A and decimation on a given date at some stated 
longitude, we can compare the time of local noon with noon at the stated 
longitude by notmg the interval which elapses between local noon and the 
time when the moon has the R A or declination tabulated for a particular 
hour 

The principle which was refined for use m Brmsh navigation by Newton, 
underlies the so-called “method of lunar distance ” It is referred to in a 
twelfth-century treatise by the monk Gerard of Cremona, who translated 
several Arabic versions of the Alexandrian astrononucal works Gerard (cited 
by Wright, his^ vol v, p 83) states 

When the moon is on the meridian, if you compare her position with that 
given in the lunar tables tor some otlier locality, you may determme the differ- 
ence in longitude between the place where you are and that for which the lunar 
tables were constructed by notmg the differences m the position of the moon 
as actually observed and recorded in the tables It will not be necessary for you 
to wait for an eclipse 

Portuguese ships, which earned Jewish astronomers schooled m the 
Arabic cartography, already practised this method m the fifteenth century 
In an early sixtcenth-ccntury treatise on navigation eluadated by Professor 
P R (' Taylor, we find a reference to us use by the seamen of Dieppe 
1 he passage is worth quoting, because it shows the eagerness with which 
mediaeval shipping everywhere made claim to astronomical science (cited 
from Geographical Journal y 1020) 

The cartographical work of Jean Rotz is typical of the French school of 
tile fourth and fifth decades of the sixteenth century (e g Descehers, Vallard), 
nor is his treatise on Nautical Science unique, save in its survival The 

title runs “Treatise on the variation of the magnetic compass and of certam 
notable errors of navigation hitherto unknown, vcjry useful and necessary to 
all pilots and marmers Composed by Jan Rotz, native of Dieppe, m the year 
1512” In a long and flattering preface to the King, the writer says 
that he comes before lum not empty-handed, but bearing a book and an mstru- 
ment for lus acceptance the book composed for all those who wish to tJkste the 
pleasant fruits of Astrology and Marine Science The third part treats 
of the construction and use of the instrument, w^hich the mventor calls a 
Differential Quadrant Actually it is one of the precursors of the theodolite, 
and a vei^ elaborate onf The large magnetic compass set m the horizontal 
circle suggests a ixianne ongm, and it may be compared with the contemporary 
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instruments designed for taking horizontal bearmgs by such landsmen as the 
brothers Arsemus, which were orientated by tmy compasses mset on the 
margm Like WaldseemuUer’s Polymetrum, Rotz’ mstrument could take a 
combmed altitude and azimuth, but its prime purpose was for the accurate 
determmation of the variauon of the compass He gives two supposititious 
examples of longitude determmation, as follows “je dycts que le 15“ de 
Janvier 1529, moy estant dessus la mer voulus scavoir la distance de mon 
meridien au meridien dulme ” At sunrise, then, which occurred at eight o’clock, 
he took his astronomer’s staff “diet par les marmers esbalester” and measured 
the distance between the sun and moon, findmg it 41° Two fohos of compli- 
cated calculations follow, and finally, takmg Ulm to be m 47° N , 30° 20' E , 
the required longitude is found to be 180° E of Ferro, 1 e somewhere east 
of the Moluccas Usmg m the second example the moon and a fixed star, he 
says, “Moi estant sur la mer veulant scavoir la distance de mon meridien de 
Dieppe, premierement )e rectifies mes ephemerides ou tables dalphonse au 
men^en de dieppc at puis )e regard le vrai lieu de la lune pour ung certaine 
heure de la nuyt,” namely ten o’clock, when he finds it 16° m Taurus, and 
determmes its decimation He also finds the right ascension of the star Aldebaran 
“aprez toutes rectifications faictes destiez” 2° 18' m Gemini, and its dechna- 
uon 15° 66' N “Et notte ycy ung pomet cest quil est necessite que tu recufies 
ton heure par en moyen des equations des heures mis aux tables dalphonse ou 
aux ephemerides ” Agam, a couple of fohos are occupied by computations, 
and the longitude works out as 229° 30' E , or somewhere m mid-Pacific 
This Dieppe seaman had no reason to complam of his personal reward at the 
Kmg’s hands He was taken mto the royal service, and described himself as 
“servant of the Kmg” m the Boke of Ydrography (written in Enghsh), the 
preparauon of which was his first official duty At Michaelmas m 1642, he 
received a payment of £20, bemg one-half of an annmty of £40, then a very 
considerable sum, while on October 7th of the same year he was granted papers 
of denization for himself, his wife and children 

CULTURAL FRUITS OF THE ALEXANDRIAN STAR MAPS 

The Star maps of Hipparchus (c 150 bc) differed m one parucular 
from those which are usu^y used today They showed the star’s position 
(see Chapter IV, p 220) m circles like circles of decimation drawn parallel to 
the echptic mstead of the equator, and meridians radiating from the pole 
of the echptic plane When the plane of the echptic is used mstead of the 
equator, the angles correspondmg to right ascension and declmauon are 
called celesual longitude and celesnal lautude The reason for choosmg the 
echptic was that the moon and planets all revolve very nearly m the same 
plane as the sun’s apparent track The reason for preferring the equator is 
first that right ascension and decimation are related m a simple way to 
longitude and lautude on the earth itself, and second that the determmauon 
of right ascension and declmauon mvolves no elaborate calculauon when 
the times and alutudes of meridian transits have been recorded 
Th^ first considerauon was not obvious when star maps were mtroduced 
Lautude and longitude * were origmally devised to describe the relauve 
posiuons of object% on the celestial sphere It was a short step to the recog- 
muon that the earth itself can be divided mto similar zones vwth simple 
relauons to the fixed stars Marmus*of Tyre is credited Vith the preparaudn 

n* • • 
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of the first terrestrial map m which meridians of longitude and parallels 
of latitude were laid down One immense cultural benefit of this was the 
extent to which it broadened man’s knowledge of the habitable earth You 
will appreciate this by comparing (Fig 35) the world picture of the Greeks 
with that of Ptolemy (c 200 ad), who garnered the fruits of Alexahdnan 
astronomy in a work \\ hich usually bears the name of its Arabic translation 
Jewish scholars, who sustained the traditions of the Moorish universities 
of Toledo, Cordova, and Seville, after the Christian conquerors had replaced 
the pubhc baths by the odour of sanctity, handed on the Almagest to 
European navigators 

At first sight It might seem strange that in exploration the achievements 
of the Aexaudnans and the Arabs, who kept astronomy ahve in the dark 
ages of Faith, were so small as compared with those of their pupils m the 
fifteenth and sixteenth centuries For several reasons there was an mescapable 
lag between the theoretical equipment which Alexandnan science bequeathed 
and Its full use m navigauon One is that the Alexandrians had no convement 
portable instrument for recording time On land, crude measurements of 
longitude could be made by lunar methods with the help of hour-glasses or 
water-clocks At sea, methods of determinmg longitude known m antiquity 
could not be used The need tor seeking out new methods did not become an 
acute technological problem so long as a large part of ±e globe could still 
be explored by sailing close to the coast 

In the great voyages associated with the names of the pharaoh Necho, 
and wnh the Carthagiman Hanno in antiquity, knowledge of latitude was 
adequate for the purpose of locatmg a place, because aU the long distance 
expcdiuons of antiquity steered a northerly-southerly course along a coast- 
line 1 he same remark apphes to the early expeditions of the Portuguese 
and Dieppe shippmg guilds The need to determine longitude became a 
real and acute one when the international exchange economy entered on 
Its last phase at the end of the sixteenth century Oarless ships then ventured 
out into the uncharted west far beyond the sight of land, equipped with 
wheel-driven clocks To be sure, they were clumsy and inaccurate instruments 
according to our standards, yet an immense convemence when compared 
with hour-glasses 1 he ships of Columbus, Vespucci, and Magellan had to 
put into port to take a bearing m longitude None the less, what observations 
they succeeded in recording introduced a new assurance into navigation 
and created the technological problem which m turn stimulated the develop- 
ment ol opucs, dynamics, and terrestrial magnetism 

A passage in Hakluyt’s voyages is worth quotmg to emphasize the import- 
ance ot the new onentauon which transatlantic navigation involved It 
occ'urs in a letter of Thomas Stevens from Goa m*1579 

Being passed the line, tliey cannot straightway go the next way to the 
promontory, but accordmg to the w^mde, they draw alwayes as neer^^ South 
as they can to put themselves m the latitude of the^iomt, which is 35 degrees 
and a halfc, and then they take their course towards the East, and so compasse 
the point But the Winde served us so that at 33 degrees we did direct our 
course towards the pomt or promontory^ of Good Hope You know that it is 
b^d to sailc ffomJBast t(> West or contrary, because there is no fixed pomt m 
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all the skie, whereby they may direct their course, wherefore I shall tell you 
what helps God provided for these men There is not fowle that appereth, 
or signe in the aire, or m the sea, which they have not written, which have made 
the voyages heretofore Wherefore partly by their owne experience and 
partly by the experience of others, whose books and navigations they have, 
they gesse whereabouts they be 

By this date longitudes are mentioned frequently m the records of Enghsh 
expeditions contamed m Hakluyt’s pages Fifty years earher it is clear that 
English seamen were only famihar with the determmation of latitudes The 
ensuing passage from a letter written in 1527 by Robert Thorne to Ley, 



Fig 64 — The Astronomer Mapping the Heavens 
A woodcut from the title page of Messahalah, De Sctentta motus orbtSy printed by 

Weissenburger m 1504, 

ambassador of Henry VIII to the Emperor Charles, points to considerations 
of high politics conspiring with mere convenience to promote the study of 
longitude 

• 

Now for that these Islands of Spicery fall neere the terme and limites 
betweene these prmces (for as by the sayd Card you may see they begin from 
one hundred and sixtie degrees of longitude, and ende m 216) it seemeth all 
that falfcth from 160 to 180 degrees should be of Portingal and all the rest 
of Spaine And for that tlleir Cosmographers and Pilots coulde not agree in 
the situation of the sayde Islandes (for the Portmgals set them all within 
their 180 degrees and the Spamards set them all without) and for that m 
measuring, all the Cosmographers of both partes, or what other 'that ever 
have bene cannot give certamc order to measure the 1loifgitq|de of the worlde. 
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as they doe of the latJcudCj for that there is no starre fixed from East to West, 
as arc the starres of the Poles from North to South, but all moveth with the 
moovmg di vme , no maner can bee founde howe certainely it may bee measured, 
but by conjectures, as the Navigants have esteemed the way they have gone 

The influence which Ptolemy’s work exercised in the period which immedi- 
ately preceded the Great Navigations may be illustrated by a passage from 
Roger Bacon’s Opus Ma]us^ cited by Professor ERG Taylor* 

Again m the second book of the Almages he wrote that habitability is only 
known in respect of a quarter of the earth, namely that which we inhabit 
Whence it follows that the eastern extremity of India is a great distance from 
us and from Spain, since it is so far from the Arabian Gulf to India And 

so in the two quarters beyond the equinoctial (i e the equator) there will also 
be much habitable land 

In Pierre d’Ailly’s Imago Mundt the passages which greatly influenced 
Columbus are mainl> taken from Roger Bacon In Roman Alexandria such 
possibilities could be enteitained with a light heart The temper of Bacon’s 
rimes was different "1 o quote from Professor Taylorf once more, 

many tlunkcrs accepted the view found m the De Situ Orbts of Pomponius 
Mela, namcl>, that a habitable region, girt about by ocean, was to be found in 
c ith of the temperate 7ones, separated by a torrid zone impassable because of 
the hcu Supposing tins to be the case, and that the Anticthones actually did 
exist, then tliesc people were for ever cut off from the means of Salvation it 
w IS lor diis reason that St Augustme, in an oft-cited passage, condemned such 
a view as heretical 

Another fact m the everyday life ot ancient umes made it difficult to 
exploit the discoveries of Alexandrian astronomers to the fullest extent 
Some celestial phenomena, eg the precession of the equinoxes or the 
motion ot the moon’s nodes, cannot be detected during short periods of 
observation without very accurate instruments such as we possess today 
Although the first of these was discovered by Hipparchus, tliere were many 
othe'rs which c'seape'd attention all modern times Hence, astronomical tables, 
based on the principles wc have dealt with so far, were liable to become out 
ot date, 1 c inaccurate, in a comparatively short time The older almanacs 
stood in need of constant revision 1 he introduction of prinnng into Europe 
on the threshold ot the Great Navigaaons made it possible to maintain a 
fresh supply of almanacs for nautical use,:j: besides increasing the propomon 
ot people who were able to use them and distnbuung the results of the latest 
calculations far and wide Meanwhile the first prmtmg presses were also 
busy with the distribution ot commercial arithrqeucs which were replacmg 
the laborious and devious methods of Greek arithmetic by the simpler 
modern system derived from the Arabs 

Two oilier cultural by-produas of the Alexandrian star maps are of very 

* StoinJi Giog^aphual Afagazmey\o\ xlvu, 1931, pp, 215-17 

t Ibid,\ol \lvii, bMI, p 79 

i 1 he lollowmg figures give the publication of almanacs for^e years stated 

2 1468-78 44 

Mr)S-()b • 1 . 1479-88 96 

^ • 1489-98 no 
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great significance for the subsequent advance of human knowledge The 
method of Hipparchus essentially corresponds to the kind of graphical repre- 
sentation which mathemaucians call polar coordmates, and flat maps of 
longitude and latitude essenually represent the more faimhar way of plottmg 
a graph m “Cartesian coordmates ” From the Almagest mediaeval Europe 
learned graphical methods In the fourteenth century Oresmus was giving 
lectures at Prague on the use of “latitudmes and longitudmes” to show the 
track of a movmg pomt Cartesian geometry emerged from the same social 
context as modern cartography Alexandrian astronomy also precipitated a 
more decisive departure from the sterile tradition of Platomc geometry From 
Euclid, the first teacher of Alexandrian mathematics, the Alexandrians had 


fcirfi 



Fig 55 — Albrecht Durer’s Woodcut of the Southern Celestial Hfmispherf 
—FROM THE Geographical Works of Johann Stabius, 1515, Professor of Mathe- 
matics at Vienna and Astronomer to the Emperor 

Note Orion containing the bright stars Rigel and Betelgeuse, Cams minor with the 
bright star Procyon, Cams major with the brightest star Sinus, are visible in the 
latitude of London Argo with Canopus, the second brightest star in the heavens, is not 


received Plato’s idealisac doctrine that mathematics should be cultivated as 
an aid to spiritual refinement The first measurements of celestial distances 
sufficed to show the clumsihess of the Platonic methods The stubborn reahties 
of the material world forced them to refinements which resulted m culuvatmg 
new me±ods Hipparchus compiled the first trigonometrical table — a table of 
sines ^henceforth Plato’s geometry was an anachromsm With the aid of 
SIX or, at most, twelve of if s proposiuons, we can build up the whole of trigo- 
nometry and the Cartesian methods Unfortunately the curriculum of our 
grammar schools wae designed by theologians and pohticians who believed in 
Plato So we contmue to teach Euchdean geometry for the good of the soul 
Smce few normal people like what is* good for them^ tly^ makes mathematios 
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Fig 6(5— TimtF Fundamentals of Trigonometry 
If a nght-angltd triangle is completed about an angle A^ithe ratios of its sides sevenllv 
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a most unpopular subject and effectually prevents the majority from evei 
finding out the immense usefulness of mathematics m man’s social hfe One 
result of not understandmg how mathematics can be usefully apphed is that 
many people do not realize when it cannot be usefully applied Hence the 
delusion that a subject is enutled to rank as a science when it contams formulae 

THE SIZE OF THE MOON AND ITS DISTANCE FROM US 

Trigonometry developed m connexion with the attempt to solve problems 
which had a very far-reachmg mfluence upon human behef The Alexandrians 
made the first estimates of the distance of the moon and the sun from the 
earth Their measurement of the sun’s distance mvolved that of the moon 
The prmciple mvolved in findmg the distance of the moon is essentially 



tan P — — tan Q — — 

X d ^ X 

X ^ d - — = X ^ 

tan P tan Q 

1\ - tanPtanQ 

"VtanP tanQ^ " ” tan Q - tan P “ 

N B — The angle C is the parallax of the top of the cliff with reference to observers 
at A and B 

the same as that used for findmg the distance of a mountain peak The 
method used for terrestrial objects, when we have tables of smes or tangents 
at our disposal, is shown m Fig 57 The observer records the diflFerence m 
direction of the object as ^een from two situations at a measured distance 
apart This difference of direction measured by the angle C is called the 
parallax of the object So far we have assumed that the different angular 
positions of the celestial bodies, when observed at the same time m different 
places, Ire entirely due to^the curvature of the earth, the direction of a star 
bemg fixed In other words, it does not matter where we determme the R A 
^d decimation of sb visible star This is what we should expect if the stars 
are very remote The nearest stars are too far away to make a difference of 
a thousandth of a degree This is not true of the nfboa* Two simultaneous 
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determmatjons of the moon’s R A by observers situated at longitude 90 ® 
apart on the equator, or simultaneous determinations of dechnation by one 
observer at the equator and another observer at either of the poles, can differ 
by almost exactly one degree, and this difference is detectable with a com- 
paratively crude instrument In an age when the study of the moon’s be- 
haviour was important for regulating social festivals or mght travel, and the 
study of solar eclipses and occultations had begun to assume a practical as 
well as a magical significance, differences of the moon’s direcaon at different 
stations did not escape detection They involve an appreciable correction in 
all calculauons of the moon’s posmon The moon’s position relative to a more 
distant celestial object is not quite ^he same as seen from two widely separated 
stations simultaneously Consequently crude methods of detemunmg longi- 
tude based on solar eclipses, occultations or lunar distances, can be somewhat 
inaccurate, unless a correction is made for the moon’s parallax 

If we know the earth’s radius we can calculate the distance between two 
observers at known latitudes and longitudes, and the parallax of the moon 
is all that IS required to deduce its distance from the earth The best method 
IS to make simultaneous observations of the moon’s zenith distance, when 
it crosses tne meridian, at two stations on the same meridian of longitude 
at latitudes as far apart as possible If the moon’s rays were absolutely 
parallel, the south zenith distance at a given north latitude L when the 
moon’ true declination (i e elevation from the plane of the equator) is D, 
would be (Fig r)S) 

- D 

Actually the observed zemth distance Z is a little in excess of this by an 
angle p (called the gcoceritric parallax at L) representmg the difference of 
direction ol the moon as it would be seen simultaneously at L and at the 
caith’s centre if we could get there Thus, 

Z = z-\- p 

VCc have already seen (Fig 2S) that if the rays from a celesUal body are 
perfectly parallel at two dillcrent latitudes, the difference of its zenith 
distances at fvo places is the difference of their latitudes, i e 

Lj Lo Z2 '3’j 

If one latitude is south of the equator, its sign is negauve (— L2) and if 
the moon is seen south of the zenith at the northern latitude and north of 
the zenith at the southern, its zemth distance at the former is negative 
(~ Zi), and at the latter, positive ( f so that • 

Li 4 Lo = -h -^2 

- (Z^ - p^) + (Z2 — P2) 

“ (Zj T Zg) (Pj^+ P2) 

The quantity (p^ ^ p,) is the moon’s parallax P with reference to the two 
stations, so • • 


P=(Z, + Z2)-(Lj + L,) 
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Turning to Fig 59, you will see that if both stations are on the same longitude 
and both observations are made at the same time, the moon’s distance (d) 
from the earth centre is the diagonal of a four sided figure of which all four 
angles and two sides (equivalent to the earth’s radius or approximately 
4,000 miles) are known Hence the quadrilateral can be constructed. Its 
remaining sides and the diagonal can be calculated by the fundamental 
relation (Fig 5G) between the sides and angles of any triangle, i e 

sm A sm B sm C 

a h c 



The moon s geocentric parallax If the moon’s rays were truly parallel its direction at 
lautude L would be the same as at the earth’s centre, i e its zemth distance would 
be ^ = L — D Actually (upper figure) the observed z d at transit for an observer 
at lautude L is greater by the angle p (geocentric parallax at L) This cannot be directly 
measured, but the sum p^ + P% of the geocentric parallaxes of the moon for observers 
at two diferent lautudes (-f and — La) on the same longitude is 


(Z, + Za) - (Li + La) 


In this way the mean distance of the earth’s centre from the moon is found 
to be approximately 2^0,000 nules, as shown m the legend attached to 
Fig 59 Hipparchus gave the distance of the moon as between 67 and 78 
radu (i e mean distance 72 radu or 280,000 miles) This is a tolerable 
approximation His estimate of the sun’s distance based on the study of 
eclipses was 13,000 dfhh radu or 51,000,000 miles, which is much too 
small, the correct^distance bemg 92,000,000 miles 
The calculation of the moon’s radius is easily deduced from this The only 
new information required is the fnoon’s angular.di^eter, i e.*the angular 
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difference between the two edges of the moon This is almost exactly half a 
degree As shown m Fig 60, the moon’s diameter is therefore a httle over 
2j000 miles It is almost exactly 2,160 miles, or three-elevenths that of the 
earth 
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deduced from a simple geometrical construction ^ 

One of the earliest Alexandrian astronomers, Anstarx:hus, made a rfcueh 
Mtimate ot the ratio of the sun’s distance to that bf the moon (Fig 61) 
The method he used depends on the fact that the half mo<jn at first quarter 
occurs a httle earlier than the time when the moon’s direcaon differe from 
at of the sun by 00 ,^drfhe half moon <5r third quarter occurs a little later 
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than the time when the moon’s direction differs from that of the sun by 
270° Aristarchus calculated that the ratio of the distances of sun and moon 
from the earth is about 20 1 In reahty it is nearly 400 1 The reason 
for the maccuracy is the extreme difficulty of ascertaimng when exactly 
half of the moon’s face is visible without the aid of the telescopic observations 
on the moon’s mountams However^ the estimate of Aristarchus was a vast 
step beyond the boldness of Anaxagoras, who startled the court of Pericles 
by the suggestion that the sun might be as large as the whole mainland of 
Greece In usmg mathematics to measure the heavens, Alexandrian astronomy 




sin iA = moon’s radius — moon’s distance 
r = sin iA X 240,000 

By observation the moon’s angular diameter, 

A = 31' 6" 

iA = 0° 16' approximately 
Moon’s radius = 240,000 x sin 0° 16' 

= 240,000 X 0 0047 
= 1,130 miles 
Diameter = 2,260 miles. 

Fig 60 — The Moon’s Diameter 

disclosed a vision of grandeur concealed from the world view of Plato's 
ideahsm. Alexandrian sky measurement was the death knell of Plato’s 
cosmology and of the ancient star god rehgions. 

The sun’s parallax is too small to be measured without the aid of good 
telescopes at observatioij stations separated by long distances An alternative 
method which does not require the use of a telescope depends on observa- 
tions of cchpse phenomena. If the time of greatest duration of a total lunar 
echfjse is known from repeated observations, the distance, radius and synodic 
penod of the moon, an^ the earth’s radius, give us all (Fig 18) the necessary 
data for measurmg the breadth of the earth’s shadow cone where it is mter- 
cepted by the moon’s orbit In a solar echpse the moon’s edge just comcides 
with that of the sun, which therefore has approximately the same angular 
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diameter So the mini’s radius and the earth distance are in the same ratio as 
the moon’s radius and earth distance The ratio of the earth’s radius to the 
length of us own shadow cone is the same as the ratio of the sun’s radius to 
the combined length of the earth’s shadow cone and the sun’s earth distance 
Since the length of the shadow cone is easily calculated by similar angles 
if Its breadth at any known distance from the earth is given, all the requisite 
data are supphed by ecbpse measurements and the moon’s parallax Actually 



1 1 (. ()l — How Akisimkiius Ikiin lo M' \sure the Sun’s Distance 


I xanly .u iliL first quarter or third quirtcr, hiorc than halt of the face of the moon is 
seen Ildll moon occurs when the moon has still to move tlirough an angle B before 
It IS txictly n the first quarter Aristarchus found that tlic delay between half moon 

and first quancr was six houis, so, il a lunar month is taken as 28 days, B = 


/ 300 \° 

U X 28 j 


about 1 In the h ilt-moon position, Imcs joining the sun and the earth to the moon 

, t . 1 V ij >o , ,o Larth’s distance from moon 

meet in a right angle So a B J and sm r -- = — ; 

Earth s distance from sun 


this method, which is referred to in the ensuing passage from Snyder’s 
book, IS extremely inaccurate because small errors of observation lead to large 
differences m the ratios determmed from them 

• 

The problem ot the shadow cone, as is clear from the pages of Ptolemy, 
had been worked out by Hipparchus, apparently with great precision, but 
with the strange result ot conhrmmg the calculations of Aristarchus He, 
too, found the distance ot the sun about twenty times that of the moon, or 
from 1370 to U72 halt diameters of our globe Ptolemy, a couple of centuries 
later, tries his hand at the matter, hut with no better success, ^deed, he reduces 
the distance to 1210 such halt diameters But with three distinct methods 
lca(Jmg identically to the game result, ±ere could now be little question of 
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their truth There seems, indeed, to have been no question for another seven- 
teen centuries, and until Galileo and the telescope had come Hipparchus’ 
method — it is generally so styled — is reproduced with new proofs, but similar 
estimates, m the De Revoluttontbus of Copermcus, ad 1543 The Theorem of 
Hipparchus gave not merely the relauve but also the absolute measures of the 
solar and limar distances, hence a direct measure of their size Cleomedes 
tells us that Hipparchus computed the sun’s bulk at 150 times that of the 
earth, Ptolemy made it 170 times But Aristarchus, by what method he does 
not state, figured the diameter of the sun at between six and seven times that 
of the earth, hence about three hundred times its bulk He sets the moon’s 
diameter at one- third that of the earth — an error of but one-twelfth, admirable, 
if yet imperfect approximations The march of the mind had begun ^ 
There is, m an oddly-jumbled work, Optmons of Philosophers^ attributed, with 
shght probabihty, to fanuhar old Plutarch, a paragraph which says that 
Eratosthenes had engaged the same problem True to his love of concrete 
measures, he gives the distance of the moon at 780,000 stadia, of the sun at 
804,000,000 stadia Marvellous prevision of the truth I For though he makes 
the distance of the moon only about twenty earth radii — too small by two- 
thirds of the reality — his figure makes the sun’s distance 20,000 radii, which, as 
nearly as we may estimate the stadium, was practically the distance that, after 
three centuries of patient investigation with micrometers and heliometers, is 
set down as the reahty It is with a deepemng interest, bordermg even 
upon amazement, that we find yet another great investigator of antiquity 
announcmg similar but quite distmct estimates This was Poseidomus, the 
teacher of Cicero and of Pompey, one of the most contradictory of characters, 
now seemmg but a merest polymath, now one of the most acute and original 
thinkers of that ancient day We have already noted that his measure of the 
earth, adopted by Ptolemy, was the sustenance of Columbus He had closely 
studied the refracuon of light, and gives us a really wonderful calculation as 
to the height of the earth’s atmosphere In the pages of Cleomedes we learn 
that he equally attempted to establish the distance of the stars He puts the 
moon at two million stadia away, the sim at five hundred milhon ^ This, on his 
earher estimate of the earth’s diameter, would place the moon at 62 radu 
of the earth, which would be nearer than the computations of Hipparchus 
It would make the sun’s distance 13,000 radii If we take his later figure 
(180,000 stadia), the distance would become 17,400 radii, an estimate which, 
considering the necessarily wide limits of error, does not differ greatly from 
that of Eratosthenes, and equally httle from the truth Compare it with the 
thirteen hundred radu of his forerunners* Compare it with the nouons of 
Epicurus, almost his contemporary, a very wise and large- mmded man m his 
way, who yet beheved that the sun might be a body two feet across * 

The importance of science m the everyday life of mankind means more 
than making it possible for us to orgamze material prospenty The advance of 
sciefice hberates mankind from beliefs which sidetrack intelligently directed 
soaal effort In the phraseology of the matenahst poet Lucreuus, science 
liberates us from the terror of the Gods At a later date the scientific study 
of the heavens was destined to challenge the authority of custom-thought 
m a more spectacular context, by discrediting the bibhcal doctrine that the 
sun revolves rourid the earth The view which is now held was recognized 
as a possible altemauve by the Pythagorean brothei^oods and advocated 
by Aristarchus For a very good reason it was r^erted^by Hipparchus, *on 
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whose teaching the .Mmagebt is largely based He did so, because no parallax 
of the sun could be detected 

Observations on the fixed stars made at different localities at the same 
time yield no appreciable difference m R A or declination In other words, 
the fixed stars have no measurable geocentric parallax Since even the moon’s 
geocentric parallax is never a very big quantity, this would be quite in- 
telligible on the assumption that they are much farther away than the moon 
Aristarchus estimated that the sun was about 20 times as distant as tlie 
moon from the earth When the moon’s distance was found to be about 60 
times the earth’s radius, it appeared that the diameter of the earth’s orbit 
must be more than a thousand times the diameter of the earth The 
difficulty did not end here. If the earth moves round the sun, it must be 
nearer to any parucular star at some seasons than at others It still seemed 
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hard to believe that the stars are too far away to show any change of 
apparent direction when the earth is at opposite ends of us orbit (as in 
Fig ()2) With ahy instruments available before the nmeteenth century, no 
annual parallax of the fixed stars could be deteaed The refined methods 
\NC now have show that the heliocentric or annual parallax (P m Fig 62) 
is never as much as one four- thousandth of a degree (0 VS'' for the nearest 
star, Proxima Centaun) According to the only test which was known to the 
ancients, tlic doctrine of Aristarchus failed On tbe evidence which their 
instruments yielded, tlie founders of the Ptolemaic system were nght m 
puiung the earth at the centre of the star map, where it is still convement to 
lea\e it for the purposes of navigation and scientific geography 
Nowadays wc often read dogmanc statements ^bout the discredit* into 
which Newton’s system has fallen, and there is danger of losing sight of 
what IS permanent in any useful hypotheses Scientific hypotheses that yield 
a useful explanation of some facts of experience, are not relegated to the limbo 
of superstition whenever wc discover— as wc constantly do discover— 
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new facts which they do not explain The Ptolemaic astronomy which pro- 
vided the technological basis of the Great Navigations is still the most 
convement representation of the apparent movements of the sun, moon, and 
fixed stars It is the world view of the earth-observer, and as such remains the 
basis of elementary expositions on nautical astronomy after nearly two 
thousand years Its greatest disadvantage — which eventually brought it into 
disrepute — is that it can give no rehable means of ascertaimng the motions of 
another class of heavenly objects — the planets, which are not fixed in the 
heavens like the stars If we use the methods of Chapter IV to plot the move- 





biG 03 —The Track of Venus in 1894 


ments of a planet like Venus on the star map shown in Fig 51, they do not 
conform to any simple rule The nearer planets wander about the heavens, 
each m a seemingly capqaous track, with no evident geometrical pattern 
Their motions are easier to calculate if we put ourselves in the position of 
a sun observer 

We shall see later how Copermeus furnished the germs of a comparatively 
simpler account of the way m which the planets move by discardmg the 
behef that the earth is the centre of the universe In the absence of satisfactory 
evidence for the aamial parallax of the fixed stars (before about a d 1830), 
It is highly doubtful whether the usefulness of the Copemican doctnne 
for calculating the positions of the planets would liavt sufficed to overcome 
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the combined authority ot the Book of Joshua and the Almagest, had there 
been no new sources of mformation to discredit behef in the fixed position o 
the earth at the hub of the heavenly wheel How the ancient astronomers 
attempted to explam the vagaries of the planets or “wanderers” of the heavens 
may best be dealt with when we come to the Copertucan hypothesis We shall 
first sec how two devices prepared the way for its universal acceptance The 
introduction of the telescope and the pendulum clock m the beginning 
of the seventeenth century registers an eventful phase in the conquest of 
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distance and time It is hardly too much to say that, with one exception, no 
other technical advances contributed so much to change the world picture 
of mankind between 4241 b c and A D 1800 
In the period which mtervened, Arab astronomejrs and mathematicians, of 
whom Omar Khayydm was one of the most illustrious, blazed the trail for 
the new world outlook by more accurate measurements of the positions of 
the planets A far more important Arabic contribuuon lay m devismg simple 
rules of calculation The use of mathematics m Alexandrian saente was 
essentially pidonal Mathematics was apphed almost exclusively to astro- 
nomical data The trigonometry of Hipparchus and the algebra of Diophantus, 
the last Alexandrian mathematician of importance, were impnsoned withm 
the obscure numbef .symbols of the Greek alphabet. By discardmg the 
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alphabet and adopting the Hindu sunya or zero, as we call it, the Arab 
mathematicians cqmpped us with an arithmetic which could accommodate 
a growing body of scientific measurements, and with an algebra which has 
extended the apphcation of mathematics far beyond the confines of geometry 
Located in sunny regions, the ingenuity of the Islamic culture was not 
compelled to perfect mechamcal devices for recording the time of day The 
contribution of the Arab astronomers to the technique of recording time is 
now relegated to the status of a garden ornament The ancient shadow clocks 



A solid model of the sunbeam, style, and shadow, can be made by folding the upper 
figure SPQSR The angle H is the shadow angle with the meridian, L the lautude 
of the place and the mclination of the style to the horizon plane, and h is the sun's 
hour angle The figure shows that 

tan H = sm L tan 

Thus to mark off the angle H correspondmg to two o’clock (p m ) or ten o’clock (am) 

I c when ^ = ±(15x2)°=^ 30°, at lautude 51° we have 

tan H = sin 51° tan 30° 

= 0 7771 X 0 6774 = 0 4487 

from tables of tangents H = 24 15° 

did not record a constanti hour at different seasons The Arab sundial (Fig 
64) with Its style set at an angle equivalent to the latitude and pomtmg due 
north marked out hours which were mechamcally equivalent throughout 
the y^r The only lastmg importance of this invention, the theory of which 
IS explamed in Fig 65, Ues m the fact that the first mechamcal clocks were 
checked by comparison with the readmgs of the dial 
The state of geographical knowledge available for navigational purposes 
m the time of the Crusades is mdicat^d m the followmg passage from Wnght’s 
book already cited * • 
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ITiat the Saracens also were interested in the more strictly mathematical 
as^pects of astronomical geography is emphatically proved by the fact that they 
undertook actually to measure the length of a terrestrial degree and thereby 
to determine the circumference of the earth Some knowledge of this great 
work came to the Western world in our period through translations of the 
Astronomy of Al-Fargham Astrology also necessitated this type of 

investigation In order to cast a horoscope one must know what stars arc over- 
liead at a particular moment, and, to ascertam this, one must know latitude and 
longitude In the Arabic astronomic works there occur rules for determimng 
positions and tables of the latitudes and longitudes of places throughout the 
world One ot the most practical results of Arabic invesugauons in this field 
was a reduction of Ptolemy’s exaggerated estimate of the length of the Medi- 
terranean Sea The Greek geographer gave the length as 62°, or about half 
again too long Al-Khwanzml cut this figure down to about 62°, and, if we 
arc right in our mterpretation of the available data, Az-Zarqali still further 
reduced it to approximately the correct figure, 42*^ The results of these 
corrections became known m the medieval West The Moslems, as a general 
rule, measured longitudes from the prime meridian which Ptolemy had used, 
that of the Fortimate Islands (now the Canaries), situated m the Western 
Ocean at the ivcstcmmost limit of the habitable earth, but mdividual writers 
came t(' make use of another meridian farther west, a meridian destmed 
to become known to the Christian World as that of the True West, as distm- 
giMshcd trom the supposed border of the habitable West Abu Ma’shar, on 
tlic other land, referred his prime meridian to a fabulous castle of Kang- 
l)i7, lar to tlic east in the China Sea there is absolutely no doubt that 
mctiiods of hncling latitudes and longitudes were well understood m theory 
and were sometimes put to practical use Rules arc given for finding latitude 
in A/-Zarqairs Canons, m Plato of Tivoh’s translauon of the Astronomy 
ol Al-13attani, and in many other astronomical and astrological treatises 
1 wo principal methods were recommended You may either measure with the 
astrohbc the alutude of the sun above the horizon at noon at the sprmg or 
auiun^n equinox and find the lautude by subtractmg this angle trom 00° or 
you niiy measure the alutude of the celesual pole above the horizon, which is 
the san « as the latitude As to longitude, the fact that there are chlterences 
in local tunc between points east and west of each other was recognized and 
clearly cxpUincd by several writers of our age The Marseilles Tables give a 
rule for hading longitude by the observauon of eclipses Roger of Hereford 
indicates that he himself, by observmg an eclipse m 1178, ascertained the 
posiuons of Hereford, Marseilles, and Toledo m relauon to Arm, the world 
centre of the Moslems 

Ihe Marseilles tables mentioned in the foregoing passage seem to be the 
earliest astronomical tables m north-western Europe Referrmg to their 
origm, Wright says , 

Preserved in a twelfth-century manuscript of the Bibhoth^que Nauonalc 
IS a set of astronomical tables tor Marseilles daung from 1140, the work of a 
certain Raymond of Marseilles The Canons, or mtroductory explanation, of 
tliesc tables arc drawn largely from the astronomical Canons of Az-Zarqali, 
the tables are an adaptauon for the meridian of Marseilles of the Toledo 
Tables Both Az-Zarqali’s Canons and the Toledo Tables,* with their modifi- 
cauons lik» the Marseilles sec, containec^ not a httle mcidental material of 
iifiportancc trom •point of view of astrononucal geography, mcluding a 
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Fig 66 — Waldsbemuller’s Poiymetrum, from Reisch’s “Margarita Philo- 
sophical* 1612 

{From ‘M Regional Map of the Early Sixteenth Centmy^'* hy Professor E G R Taylor ^ 
Geographical Journal, Vol LXXIy No 6, May 1928 ) 

f 

list of cities with their latitudes and longitudes derived ultimately from Al- 
Khwari2mi That this matenal enjoyed wide popularity durmg our period 
and later is proved by the existence of a large number of manuscripts One 
of the®translations of Az-ZarqalPs Canons was done by the hand of the famous 
Gerard of Cremona 

In the fifteenth 'century Portuguese and Spanish shipping enjoyed the 
benefk of expert pilots schooled in the teaching which had been salvaged 
from the wreckage of the Moorish universities m the Penmsula. The growth 
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of the printing indastry placed the fruits of this knowledge at the disposal 
of sea captains with less erudition Simple instructions mvolving no elaborate 
calculations — like the “Regiment of the Pole Star” (Fig 67) — could now be 
put into the hands of all who could read An account of these early pilot books 
is given by Professor Taylor in an article {Geographical Journal y 1931) from 
which the following passages are cited 

The earliest type of Seaman’s Manual was the Rutter or Pilot Book> con- 
taining details of landmarks, anchorages, shoals, bottoms, watermg-places, and 
so fortli, which goes back to the Ancient Greeks, and probably to their Phocm- 
cian predecessors Such books belong to the period of coastwise sailing, when the 
lode-line was the sole navigating mstiiiment other than the shipmaster’s eyes 
These Pilot Books have never been superseded, but from time to time as the 
art of Mavigation developed, they have been supplemented The earhest supple- 
ment was the Pilot Chart, and the date of its mtroducuon is quite unknown 
the oldest extant example, drawn about A D 1300, is so perfect and so stylized 
that It must have had a very long past history The same period brought 

a further innovation the astionomers of the Western Mediterranean devised 
simple instruments and simple methods whereby the Stella Mans or Tramon- 
tane could be employed to fix the ship’s posiuon m latitude m addition to 
indicating the North The development of this aspect of navigation, and the 
progress of exploration across the equator, led eventually to the mtroduction 
of the determination of position by the noon-tide altitude of the sun, which 
demanded a calendar and a set of tables, and thus an elementary forerunner 
of the Nauucal Almanac became part of the Seaman’s Manud Even the 
simplest instrumental fixmg of the ship’s position, however, required some 
knowledge of astronomy, and consequently a fourth section was added to the 
Manual, which took shape as a preface dealing with the Earth as a Sphere 
and the Heavenly Bodies By the early sixteenth century it had become usual 
for the Theoiy of the Sphere and the Tables and Rules for fixmg position 
to be bound up together as the Navigatmg Manual proper, while the ship- 
master or pilot provided himself with the particular Pilot Book or Rutter, and 
the parucular Chart which he needed There were, however, mterestmg 
exception ^ to this rule and a remarkable work on Navigation of the 

Fourteenth Century is extant which contams the rudiments of all four parts 
ot the complete Manual m a smgle volume This is the rhymmg Florentme 
example, known by the utle of its first secuon on the globe as “La Sfera,” 
which IS ascribed to Gregorio Dau The second part, dealmg with the rules 
lor navigauon and findmg position, is naturally very crude at this date, 
while the chart (the third part) is drawn m sections, which arc placed m 
the margms of the appropriate portions of the Rutter (the fourth part) 

The Italian manuscript entitled “Brieve conpendio de larte del navegar,” 
m the Society’s Library, contains three out of the four parts of the complete 
Manual, namely, the section on the Sphere, the Rules and Tables, and the 
Chart, only the Rutter is absent, and certam supplementary notes and tables 
are inserted mstcad It was written by an Itahan pilot, Battista Testa 
Rossa, whose patron was El Magnifico Marco Boldu, a member of gne of 
the great rulmg fanuhes ot the Republic of Venice It is dated 1657, when 
Battista had settled m London The section on the Sphere is of the 

simplest possible type, consisung of necessary definitionc only, namely, of 
alutude, degree, hor^on, zodiac, equmocUal Ime, declinauon. Circles, Poles, 
Tlx>pics, seasons, longitude, launide, parallels, meridians, hemisphere, zemth 



125 



/wa^ ^ ^d- ^ H. r/,‘ «?r<.,v //..^ yi " 

^\w*- W/^ 


n*-. 

.N* 

'' 

'^•‘S 'r^^ / 


/ *A >!C 




r* 1^ ^ **! '^‘^'/*^M)' 

VmW fgr^ 


jL^ 


V 

>4 ^\ 

cv3\A\ 

\ \ 


fl ll 

>**Y^ <’‘'"«)^ 3 " 

2^ 

#' w 

•9 fi 
) 1 

■4* Wt •**" f 1 ' 


ll B 





\ 

\ yF 

1^ 

^^\// 


rH *V»»»vk‘'| 


\.{^ 




x‘ 


3^ 


''X ^ 

V'J 


^ ^/5b>— -» f, f^. 

^^OP V»»<^«-r|A»TAc'' -^4,,-! n;»^ iVrv4.- f, J )» 

O'W-C-r^'' }^ 4.-^ 0*4 


Fig 67 -«^-The Regiment of the North Pole 

The star Polms is only V off Ae true pole today In mediaeval times Polaris revolved 

itar of^Mi^^p * ^ “*5®*'®’ po*® ** “ Dracoms, when it was the gmdmg 

bmlders Hence latitude by the altitude of Ae Pole Starmght 

mati^ rh/'* u® “® P’^°* books gave mstrucuons for 

Th^ nIlf,t“““^Vp'T*^'°”i "°“"f P *n *be Little 
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and centre A brief exposition of the changing altitude of the Pole Star as the 
traveller passes from Alexandna to Iceland, and its explanation m terms of the 
rotundity of the Earth, concludes the section The second section, on Rules and 
Tables, opens with the Regiment of the North Pole, i e the number of degrees 
(from J ° to T r) which must be added or subtracted from the observed altitude of 
the Pole Star, according to the position of the “guards,** m order toobtam the 
latitude “The guards** was the seaman*s name for part of the constellation 
Ursa Minor, the two sigmficant stars used as mdicators bemg ^ and 7 
when the guards are in the east and the forward star (of the guards) is east of 
the Nonli Star, then the Pole Star, as it is called, will be below the Pole, 
and this must be added to the altitude, when the sum will be the height of the 
Pole above your horizon when the guards are m the north-east, and the two 
stars of the guard, one witli another by east, then the Pole Star will be 
below the Pole The “forward** or “fore” guard was the bnghter of the 
two (i e ^ Ursae Mmoris), and was sometimes called the “clock star,** smee it 
could be used to tell the time at night Directions for making and using the 
balestilha or Jacob’s Staff for these stellar observations are given, with a 
diagram to show how to add the scale to the Staff, while the quadrant and 
astrolabe are also mentioned This Regiment of the North Star is one of the 
stereotyped Rules found m every Manual Here it is followed, as m many other 
examples, by a rule to tell the time at mght by the guards during each month 
ot the year Now this makes it clear that the degree was taken by seamen 

as 70 Roman miles, equivalent to 64 4 English statute miles, a much less 
faulty figure than the 62 J miles (of 6,000 feet), or alternatively 60 miles, 
adopted by cosmographers The method of derivation, too, is made plain 
Hattista gives 26,200 miles as tlic circumference of the Earth, which is clearly 
derived from Eratosthenes’s measure of 262,000 stadia (made widely known 
to navigators through Sacrobosco’s Sphera which was prefixed to the early 
Portuguese Manuals), by taking the equivalent of 10 sea stadia to a Roman 
mile The Portuguese league of 4 miles was adopted by all seamen, as Columbus 
mentions, and as Jem Rotz, too, makes clear, but m Spam the degree of 17} 
leagues was presently superseded by that of 16 leagues, reckomng accordmg to 
Spanish use, only \ miles to a league The next section of the Italian 

M inual onsists ot a couple of pages and a diagram on the Regiment of the 
Southern C ross, and then follows the most important part of all, which finds a 
place in ev^ry book ot Rules and Tables This is the Regiment of the Sun, 
that IS s\y, the rules for taking the noon-tide altitude, and for using the 
accompany ing 1 able of Declinations, which are given for four years, the last 
being the I cap Year A Calendar was combined with the tables for the First 
Year A few examples of latitude determmation are worked out, and it 

may be noted that for solar observations the use of the astrolabe and not the 
balestilha is proposed It was probably m 1558 that Stephen Burrough 

visited the Caisa de Contratacion m Seville, there to be greatly impressed by 
the meticulous care with which Spanish pilots were tsamed and examined 
So far as ehart-makmg is concerned, Tudor England had nothing to set agamst 
the magnificent achievements of the Portuguese, Spanish, Italian, and French 
school of Cosmographer-Pilots 

c 

A simple recifie analogous to the Regiment of the North Pole for use m 
southern latitudes is given m Hakluyt’s Vo^^ages It refers to the Southern 
Cross^ and js wntten by the manner Edward Chffe, who accompamed the 
cohsort ship of Drake rn the 1577-1) expedition to the Strait of Magellan 
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And thence we came along the coast bemg low sandie land till wee arrived 
at Cape Blanco This Cape sheweth it selfe like the corner of a wall upright 
from the water, to them which come from the Northwardes where the North 
Pole is elevated 20 degrees 30 mm And the Crociers bemg the guards of the 
South Pole, be raised 9 degrees 30 mm The said Crociers be 4 starts, repre- 
senUng the forme of a crosse, and be 30 degrees in the latitude from the South 
Pole, and the lowest starre of the sayd Crociers is to be taken, when it is directly 
under the uppermost, and bemg so taken as many degrees as it wanteth of 30, 
so many you are to the Northwardes of Equmoctial and as many degrees as 
be more than 30, so many degrees you are to the Southwards of the Equmoctial 
And if you finde it to be just 30 then you be directly imder the Ime 

THINGS TO MEMORIZE 

1 North Polar Distance = Z D of Pole — Z D of star 
Declination = 90° — N P D 

Latitude = altitude of Pole = 90° — Z D of Pole 
Decimation = Z D -h Latitude 
Latitude ~ Declination —ZD 

2 Zemth distances south of the zemth, and latitudes and declinations 
south of the equator are negauve 

3 Sundial time + Equation of Time = Greenwich Mean Time 

4 Star’s R A = sidereal time of transit of star = (approximately) solar 

time of star’s transit — time of transit of T 
Star’s R A — Sun’s R A = local (solar) time of transit (approximately) 

5 Sec also Figs 24, 43, 46 and 66 


EXAMPLES ON CHAPTER II 


Use the graph m Fig 32 for the “equation of time” correcuon 

1 What are the sun’s decimation and right ascension on March 21st, 
June 21st, September 23rd, and December 21st? 

2 What approximately is the sun’s R A on July 4th, May 1st, January 1st, 
November 6th? (Work backwards or forwards from the four dates given Check 
by Whitaker ) 


3 With a home-made astrolabe (Fig 
made at a certam place on December 21st 
^ Sun’s Zenith Distance 
(South) 

74i° 

74° 

74° 

73i° 

73J° 

74° 

74J° 


22) the foUowmg observations were 

Greenwich Time 
(pm) 

12 18 
12 19 
12 20 
12 21 
12 22 
12 23 
12 24 


What was the latitude of the place? (Look it up on the map ) 


4 Fmd the approximate R A of the sun on January 25th, and hence at what 
local ume Aldebaran (RA 4 hours 32 mmutes) will cross the meridian on that 
mght If the ship’s chronometer then registers 11 15 p m at Greenwich, what 
is the longitude of tue ship? 

Examples continued on page 130 
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5 If the declination of Aldebaran is 16'^ N (to the nearest degree) and its 
altitude at meridian transit is 60^ from the southern horizon, what is the ship s 
lautude? 

6 The R A of the star a in the Great Bear is nearly 1 1 hours Its declination 
13 62'^ 5' N It crosses the meridian 4° 4T north of the zemth on April 8th 
at 1 10 a ni by the ship’s chronometer What 1 $ the position of the ship? 

7 Suppose that you were deported to an island, but had with you a wrist 
watch and Whitaker's Almanack Having set your watch at noon by observmg 
ilie sun’s shadow, you noticed tliat the star a m the Great Bear was at its lower 
culmmation about eleven o’clock at mght If you had lost count of the days, 
what would you conclude ti be the approximate date? 

8 On April 1, 1 895, the moon’s RA was approximately 23 hours 48 mmutes 
Give roughly us appearance time of nsmg, and transit on that date 

9 It the sun and the Great Bear were together visible throughout one, and 
only one, mght in the year at some locahty on the Greenwich meridian, how 
could you determine us distance from London, if you also remembered that 
the eoiih’s diameter is very nearly 8,000 miles, and the latitude of London is 
very nearly 6L? 

10 If you observed that the sun’s noon shadow vamshed on one day of the 
year and nomted soutli on eyery o±er, how many miles would you be from the 
North Pole? 

1 1 On January ist the sun reached us highest pomt m the heavens when the 
niic programme mdicated 12 17 pm It was then 16° above the southern 
horizon In what part of Pngland tlid this happen*? 

12 Ihc approximate RJi and decimation of Betelgeusc arc respectively 

hours 50 mmutes and 7J° N If your bedroom faces east, and you retire 

regularly at 11 p m , about what time of the year will you see Betelgeuse nsmg 
when you get into bed? 

II On April 13, PM 7, the shortest shadow of a pole was exactly equal to its 
lwiglu> and pointed north This happened when the radio programme timed 
tor 12 10 p 111 began In what county were these observations made? 

It VC itli a liomt-made astrolabe tlie foUowmg observations were made m 
Penzance (Lat 50^ N , Long 5i° W ) on February 8th 

Least /cm til Distance Greenwich Mean Time 

Betelgeuse 42J° S 9 9 pun. 

Rjgcl 58^° S 8 24 p jn 

Sinus 674° S 10 0 pan 

1 uid tile dLchnation and R^A ot each star, and compare your results with the 
table m W Intaker's AlmanaLk 

1 0 By aid of a figure show that if the hour angle {h) of a star is the angle 
througli uluth it has turned since it crossed the meridian (or, if the sign is 
minus, tile angle through which it must turn to reach the meridian), • 

R A of star (m hours) - Sun’s RA (m hours) — (hour angle m 
degrees — lo) - loeal time (m hours) ^ 



CHAPTER III 


SPECTACLES AND SATELLITES 
The Trail of the Telescope 

Among wntcrs who are not familiar with the history of science, it has been 
the fashion to speak of the great intellectual awakening of the fifteenth and 
sixteenth centunes as if it were closely connected with xht artistic Renaissance 
of Italy under Byzantine influence The truth is that the advance of sacncc 
owed very httle to the influx of classical models and classical texts from the 
Eastern Empire The fruits of Alexandrian science were harvested by the 
Arab conquerors of Spam, and the diffusion of the Arabic leammg mto 
northern Europe was largely due to the influence of Jewish physiaans who 
founded the medieval schools of mcdicmc, and to the development of scientific 
navigation before the tradition of the Moonsh umversmes had been finally 
extmguished Two features of Cathohe tradition and organization forced 
the umversmes of western Chnstendom to open their doors to the Moorish 
learmng One, which will be discussed m Chapter XVI, was the humam- 
tanan ideology which prompted the monastic orders to found hospitals and 
seek the assistance of expenenced physiaans The other, which encouraged 
monks like Gregory of Cremona or Adelard of Bath to visit the umversmes 
of Spain durmg the Moonsh occupation, was the social function of the 
pnesthood as custodians of the calendar In conformity with their role as 
timekeepers, the Augustmian teaching had endorsed astronomy as a proper 
disciplme of ChnsUan education So although the patnstic mfluence was 
mainly hostile to pagan saence, clencal education was not completely m- 
accessible to mfluence from the non-Christian world 
A substantial link between Moonsh science and the medieval universities 
of Chnstendom already existed when the growth of mercantile navigation 
renewed the impetus to astronoimcal discovery About 1420 Henry, then 
Crown Prmce of Portugal, built an observatory on the headland of Sagres, 
one of the promontones which terminate at Cape St Vincent, the extreme 
south-west pomt of Europe There he set up a school of seamanship under 
one Master Jacome from Majorca, and for forty years devoted himself to 
cosmographical studies while eqmppmg and organizing expedmons which 
won for him the title of Henry the Navigator For the preparauon of maps, 
nauucal tables, and mstruments, he enhsted Arab cartographers and Jevnsh 
astronomers, employmg tfiem to instruct his captams and assist m pilotmg 
his vessels Peter Nunes declares that the Pnnee’s master manners were well 
equipped with mstruments and those rules of astronomy and geometry 
“whiclf all map-makers should know ” The development of astronomy once 
more became part of the’ everyday life of mankmd, and the new impetus 
It received from tly growth of mantime commerce was reinforced by the 
mtroduction of two new techmeal mventions which emerged ^from the 
world’s everyday work m a different V)cial context. • , * 
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One of these was the invention of spectacles Although devices of one kind 
or another for magnifying objects are of considerable antiquity, there does 
not seem to have been any general use of them m everyday life till the close 
of the Middle Ages The Moorish savant A1 Hazen appears to have observed 
the magnify mg power of the segment of a glass sphere (Qpticae thesaurus y 
vu, 48), and Roger Bacon explamed m his Opus Majus (1266) how to magnify 
wnung by placmg the segment of a sphere of glass on the book with its 
plane side downwards One of the earliest examples of the application of 
the principle is provided by a portrait of Cardmal Ugone m a church fresco 



Ptolem>’s Map of Ireland showing what the Great Navigations owed to Alexandrian 
Cartography Note the lines ot latitude and longitude 

at 1 revise This was painted in 1352 It shows two mounted lenses with their 
handles riveted together and fixed before the eyes In Dobell’s book, Anthony 
Leeuwenhoek and His Little AntmalSy the actual mventor of spectacles is 
said to be a Florentine about A D 1300 The mvention was popularized by 
the monks, notably through the private labours of de Spma of Pisa for the help 
of “poor blmd men ” Ihe compound microscope, appears to have been m- 
vented at the same time as the telescope, possibly, according to Professor 
Wolf, a little earher It is mennoned m a letter dated 1625 by Giovanm 
Fabn, who uses the word Pictures made with the help of the microscope by 
Stelluu were published (1630) m an Itahan ediuon of Persius Between 
1650 and 1670 microscopic observaQons were pubhshed by Borel, Power, 
Hooke, and Leeuwenhoek With the growth of hteracy,* the umversal ten- 
dency to long sight as age advances found expression m a new social demand 
The mtroduction of« spectacles involved no theoretical discovery about 
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phenomena with which Alexandrian and Arab astronomers were not fiilly 
conversant (see p 141) It is therefore more reasonable to suppose that 
introduction of paper, the invention of printmg, and the use of books in the 
fifteenth century stimulated the demand for eye glasses The trade mcreased 
during the sixteenth century, especially m Italy and m south Germany By 
IbOO opticians were to be found ui most of the larger towns on the continent 

Two inventions which are signposts in the history of science, one in 
physics, one in biology, came as quite fortuitous by-products of the new 
industry The name telescope was first adopted by Galileo m 1612 The 
first one was invented in Holland about 1608 The credit has been attributed 
variousl> to Hans Lippershey and Zacharias Jansen, spectacle makers in 
Middleburg, and to James Metius of Alkmaar (brother of Adrian Metius, 
the mathemaucian) On October 2, 1608, the assembly of the States-General 
at The Hague considered a petition of Hans Lippershey, mventor of an 
instrument for seeing at a distance On October 9th, 900 florms were voted 
for it On December 15th they exammed, and voted 900 florins for, a bmocular 
instrument made by Lippershey Descartes attributed the invention of the 
telescope to Metius, who presented a petiuon later The story goes that 
the discovery was made by holding two pairs of spectacles some distance 
apart and noticing that a neighbourmg spire was brought nearer to view 
In his Nuncius Stdenus Galileo states that when he was m Vemce about 
May 1609 he heard that a perspective mstrument for makmg objects appear 
nearer and larger had been invented Returning to Padua, he made his first 
telescope by fixmg a convex lens in one end of a leaden tube and a concave 
lens in the other end Then he made a better one, went to Vemce, and pre- 
sented the instrument to the Doge Leonardo Donato His first telescope 
magnified 3 diameters He soon made others which magnified 8 diameters, 
and finally one that magnified 33 diameters Kepler devised an alternative 
form usmg a convex eyepiece 

The three years which followed the patents of Lippershey and Jansen 
were eventful Kepler’s account of the motion of Mars appeared in 1609 
His telescope was constructed in 1611 Eight years later he was able to 
announce his complete vindication of the fundamental doctrme of Copermeus 
and his epoch-making laws of the solar system Meanwhile Galileo had 
observed the motion of the sun’s spots and had seen the moons of 
Jupiter Galileo’s discovery was partly important because it deprived the 
geocentric view of the umverse of the inherent plausibihty it enjoyed before 
people realized that there were other worlds with satellites circlmg about 
them The Inquisition rightly judged the psychological effect of the new 
reahzation that our own small world is not a umque one How the tract on 
the moons of Jupiter became the field of one of the most decisive battles 
between science and priesdy superstition is a story too famihar to merit 
repetiqpn 

The telescope has a threefold significance for the age of the Great Naviga- 
tions The determination of longitude for westerly sailmg had become a 
techmcal issue of •cardinal importance, and on this account astronomy 
retamed its place as the queen of the sciences till the eijd of the eighteenth 
century At a time when the only method of determimn^ lopgitude was based 
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on the use of celestial signals (eclipses and con)unctions), celestial signals were 
events of vital significance for the world’s work , and the discovery of Jupiter’s 
moons brought a new battery of celestial signals to the aid of seafarmg and 
scientific geography (see p 315, Chapter VI) More directly the telescope 
was of value to the mariner as a “spy glass ” A less obvious use is related 
to one of the pivotal mventions m the history of mankmd The age of the 
Great Navigations was a period of revolutionary and imperiahst wars m which 
success depended on exploitmg the new technique of artillery The demands 
of marksmanship called for accurate and immediate devices for surveying 
(see Fig 1 19) and sighting distant objects Galileo was not slow to recognize 
the possibilities of the telescope for navigation Indeed, he offered his 





Fig 68 

\s the Ltlj^cs ol i bc'tm seen emerging from a sht arc always straight, we can look 
LipuM a shalt ot liglit as made up of biindits of straight shafts or rays, which Alexandnan 
astronomers represented by geometrical lines or “rays ” Light rays falling upon a 
suri t which is opaque are scattered in all directions When we look at anything 
only a tew rays are able to enter the eyeball 

invention consecutively to the Cathohe Emperor and to the opposmg 
Protestant democracy in letters adapted to the convictions of both parties.* 
The invention of the telescope is an instructive episode, if we are disposed 
to interpret the progress of human knowledge as an unbroken chain of 
theoretical principles due to the exercise of mere curiosity by a few excep- 
uonally gifted individuals The fundamental laws of magrufication were 
familiar to the Alexandrians Euclid composed a work on the geometrical 
principles of reflccuon, and Archimedes is credited with constructmg concave 
mirrors for use as burning-glasses Ptolem> mvesugated refracnon, i.e the 
bending of a beam of light ui passmg from one medium to another, and 
actually discussed the effect of atmospheric refraction m distort^mg the 
apparent position of objects on the horizon A1 iHazen, an Arab physician 
w’ho lived about A D lODO, gave a correct account of the structure of 
the eye, contested Plato’s idealism, which made it the* source of illumma- 
« 

* Letters uted in nal*s admirable bobk The Social Function of Science correct 
a coofusioa la the ^st edition of this one 
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non, and appears to have recognized it as what we should now call a camera 
There was no further development of the subject till the invenuon of the 
telescope The design of better telescopes immediately created two needs 
The need for more definite theoretical prmciples of guidance m attaining 
high magnification led mevitably to a more precise statement of the law 
of refraction by Kepler, Snell (1621), and Descartes (1637) The need to 
elmimate the coloured fnngc which blurs the outline of an image obtained 
with simple lenses led Newton to ±e study of the spectrum 
A number of arcumstances conspired to encourage the experimental study 
of hght at an early stage m human knowledge Out of the quagmire of Greek 
ideahsm there had emerged one very pertmcnt issue How can we tell when 
our senses deceive us? From the very dawn of avihzation — possibly carher 
than any aties — man had become accustomed to the use of the mirror as an 
aid to adornment Earhcr stiU he had puzzled about reflections seen m 
pools Thmgs do not always seem to be where they are — or to be the nght 
way up Early mterest m such illusions is illustrated by the trick of the 
disappeanng com, which was correctly mterpreted by Ptolemy as an effect 
due to the bendmg outwards of hght when it passes from water into air, as 
shjwn in Fig 69 Opucal illusions, which possibly enjoyed a place in the 
priestly magic, assumed a Special practical importance m an age when 
people were mtensely mterested m the heavenly bodies and were beginnmg 
to have a saentific knowledge of them 
There arc several very stnkmg optical illusions m the everyday life of people 
who watch for the nsmg and settmg of the sun and moon When near the 
horizon the sun aijd moon appear to be much larger than when seen high 
in the heavens When seen rising behmd a hill they seem to move much 
more rapidly than they do when they are above us Measurement of the sun’s 
or moon’s angular diameter by an mstrument, or of their beanngs when 
nsmg and settmg do not confirm our first impressions A1 Hazen was among 
the first to realize what we know to be a correct explanation of the deception 
Our estimates of sizes and distances near the horizon are peculiar because we 
adopt comparatively near terrestrial objects as our standard of comparison 
In learning to use the astrolabe or quadrant, men were taking the first eventful 
step of manufacturing social sense organs which do not deceive us m arrangmg 
the conduct of everyday hfe One important fact m connexion with the 
early development of what we now call geometneal optics is that the kmd 
of mathematics which developed m connexion with astronomy is speaally 
useful for measunng the elementary propemes of hght 
The Narcissus myth still pursues us m everyday life from the moment 
we get up m the momijig and shave or powder before a mirror It no 
longer provokes among sensible people the mystification which led early 
philosophers to devise the false antithesis of appearance and reahty Today 
the expenence of photography is enough to dispose of Plato’s belief that the 
e>e sends forth hght Appparance is part of the reahty which includes a correct 
account of how our sense organs do their work We know enough about 
the sense organs t# see clearly what early science could only grope after m 
the dark Vision is not merely a stauc copy of the chan^mg world We have 
to learn to use our eyes as we have to learn to use any other mstrument 
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Our estimates of distance, direction, and position do not merely depend on 
what the retma of the eye tells us They involve complex movements of the 
muscles that move the lens of the eye, of the muscles that change its 
curvature and of the muscles that wield the eye itself in its socket, together 
with movements of the muscles of the neck and limbs and all the signals 
which these muscles send to the brain when they move We learn to co- 
ll 

\ 




Fig 69 

The disappearing com trick is ot \ery great antiquity and provided the Alexandrian 
astronomers with a correct explanation ot certain astronomical phenomena, such as 
why the apparent time of setung ot the sun is a little later and its apparent nsmg 
a little earlier thm expected from caleulauons as given in Chapter IV, p 197 When 
the vessel is empty the e>e cannot see deeper than the level ot A, and the com can 
only be seen if the held is raised till the eye is at B It water is poured into the vessel 
the com at the bottom becomes visible When the sun is just below the horizon in 
the geometrical sense sunbeams passing from rarefied space into the denser atmo- 
sphere of the earth aic bent downwards, so that the sun remains visible for a short 
while after it is actuilh below tlie level ot the honzonf just as the com is visible in 
the lower figure though below A 


ordinate our bodily movements with those of our eye muscles and with the 
pattern of hght on the retma from the common experience of everyday life 
Part of our everyday experience is that a beam of light has a straight 
edge, or to use a customary figure of speech, “lighfc travels m straight 
lines ” We learn to^ put thmgs “m Ime ” The dehcate adjustment which 
ifiakes us able to grasp a*thmg by seemg it, or to direct our gaze to the thin g 
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we touch, IS easily upset By a simple device shown in Fig 70 we can 
direct our eye movements so that we infer a set of lines which are really parallel 
to look as if they converge or diverge By using mirrors, or looking at an 
object immersed in a different medium from that in which we usually see it, we 
can make a beam of light change its course from an umnterrupted straight 
Ime So our eyes lead us to make judgments that do not agree with those 
which we are led to make when we also use our organs of touch In such 
situaaons we call what we see an image of the thing or object as we see it when 
the testimony of all our sense organs agrees Real images which can be 



Fig 70 — Two Optical Illusions 

Judgments of vision do not merely depend on the stauc picture focussed on the 
reuna at a given mstant of time They mvolve active movements of the eye muscles 
If these movements are biassed our geometrical judgments go awry Thus the two 
lines AB and CD m the upper half of the figure are the same size, and the verUcal 
lines m the lower half are all parallel You can see that they are, if you half shut your 
eyes 

caught on a screen are distinguished from virtual images which cannot 
The image on the ground glass of a camera or the image of the sun 
focussed with a burmng-glass are famihar examples of the former Re- 
flections m flat mirrors are familiar examples of virtual images 
The elementary prmciple that “light travels m straight Imes” was implicit 
m all the astronomical lore of the ancient world So was one of its conse- 
quences on which, as we shall see later on, depends our knowledge that the 
earth’s path around xh& sun is not a perfect circle, as Plato beheved The 
apparent size of a body depends on the angle which hght reflected from its 
outermost edges ftiakes mth the eye of the observer We call this angle the 
angular diameter Fig 71 shows .the same sphencal^ object diawn at two 
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different distances from the eye When it is nearer, the angular diameter is 
larger than when it is far away 1 he sme of half the angular diameter is 
the ratio of its radius to its distance from the observer When the angle is very 
small the ratio of two radu is not appreaably different from the ratio of the 
two angular diameters (Fig 71, legend) Hence the apparent length of the 
radius of a circular or spherical body seen m different situations is mversely 
proportional to the distance When we magnify a body by a mirror or a lens 
we change the path of the hght coming from it so that the angle between the 
beams or “rays” convcrgmg on the eye is mcreased The magnification of a 
very distant object is thus the ratio of the angular diameter of this secnungly 



Fig 71 — Apparent Sue and Distance 


1 lie s line object seen near and far away The angles a and b are called its angular 
diamLitrs as seen in the two situations If r is the actual radius ana d the distance, 
sm T - di and sin ib == r ~ When very small angles are measured m circular 
mcasiti (1 c rauo ot the arc to the radius of the circle of whose circumference it is 

part), Ja = sm Ju = PQ d and lb — PQ - D (see Fig 213) Hence r = ? 

b d 


nearer image to the angular diameter of the object seen without the 
instrument 

Modern telescopes use curved mirrors as well as lenses for magnificaaon 
Iwo experimental laws are suffiaent to deduce the essentials for designmg 
mirrors and lenses so as to produce a known degree of magnification, whether 
in constructing a telescope, prescnbmg the right spectacles or for the vanety 
of other uses to which magmfymg devices are now* put m everyday life The 
fundamental law of reflection is that when a shaft of hght strikes a flat 
pohshed surface it is bent outwards in the same plane, makmg equal angles 
with an unagmary perpendicular drawn where it hits the mirror, as 92 cn m 
Fig 72 That this is approximately true is easily Seen when a bright shaft 
of light falls through dusty air on a pohshed surface It can be tested more 
precisely b^ the use of pms and a mirror placed edgewise on a sheet of paper 
as explained m Fig. 73 The Alexandnan astronomers were familiar with the 
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Fig 72 

The fundamental law of reflecnon is that a beam of light incident on a flat surface is 
reflected in the same plane so tliat the angle of incidence (a) is equal to the angle of 
reflection (b) 



Fig 73 


^ simple way of testmg the law of reflecDon is to fix two pins, A and B, in front of a 
rnirror placed edgewise on a piece of paper By movmg the head from side to side, a 
point IS found at which the “virtual’* images, Aj and B^ are in line Two pins, C and D, 
are now placed in Ime with Ai and B, Lines can then be drawn through the pin 
holes and the angles t and r, formed with the perpendicvlar^Ac found to be equal* 
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apphcation of the law to the formation of magnified images by cu^ed 
surfaces* 1 he second principle which is necessary for understan ® 
magnification is produced by lenses is the law of refraction or the benmng 
of a beam of light when it passes from one transparent medium mto anomer 
This bending is beautifully seen when a shaft of light passes through an 
aquarium tank with glass sides as in Fig 74 


! 





IS ^ 


Fig 74 

I he refraction of light inw irds vvhen t beam ot light passes into an aquarium tank 
lilled with uer ind outw irds when it pisses into the air again Passing from air to 
witcr the incident ingle i r> in the figure, md the angle of rclrietion (r) is given 
by Snell s 1 uv, M/ sin i sin; v R, 1 c 

sin r — sin 4 - R 

Very accurate determination ot R tor air and water gi\es the value 1 i or 4/3 From 
the i iblcs sin I ► 707 I 

sm r 707 I - ^ — 530 J 

Tables give sin - “ijo*) So r is verv nearh 12' In using the formula remember that 
R is 4^ 1 tor light passing frofu air to u ucr, i c if R is 4 / 3, ms always the angle which the 
ray makes with the verticil in air ind i is always the ingle which it makes with the 
vertical in vv iter, irrespective ot the actuil direction of the beam If, however, we 
ipply the terms “ingle of meidcnet” and “angle of refraction” literally, then R is 3/4 
tor light passmg from vv itcr to iir The first convtntiftn saves us the trouble of 
recording two values ot R lor each pur ot media 

The technology of the telescope was not what first directed attention to 
It In contradistinction to the physiological distortion of objects seen near 
the horizon, when viewed with the unaided eye, another class of opucal 
puzzles arises m the study of celestial phenomena, espeorallv m connexion 
With a practical problem on w’hich the collection of fines from motorists 
depends today As yoti^know, hghtmg-up*ume is fixed when “civil twihght*' 
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ends, and this rests on calculation of the times of nsmg and settmg of the 
sun From geometrical prmciples outhned on p 99 and explamed more fully 
in the next chapter^ the times of nsmg and setting of a heavenly body are 
calculable from their position (R A and Declination) in the celestial sphere 
Such calailations do not exactly correspond to the observed times of visi- 
bility at the horizon level unless a small correction is made for an illusion 
which depends on the fact that hght is bent inwards on passing from empty 
space into the earth’s atmosphere The amount of this bending depends on 
the angle from which the object is seen, and has nothing to do with the 
imperfection of the eye as a physical instrument So observations on the 
direction of the sun, moon, or stars, viewed near the zenith, do not accurately 
correspond to observations made near the horizon To put the matter in 
another way, the sun is not geometrically in Ime wi± the horizon edge at the 
moment when it is seen settmg It is already a little below it, as the penny 
IS a httle below the line joinmg the edge of the basm to the eye m the dis- 
appearmg com trick 

The astronomers of Alexandria were fully conversant with the existence of 
refraction, and reahzed that it provided the explanation of the disappearing 
com illusion, and why bodies immersed in water seem to be nearer to the 
surface than we find them to be when we try to grasp them 1 he attempt 
to find a correction for “atmospheric refraction” led Ptolemy of Alexandria 
to make the first extensive physical experiments in which numerical measure- 
ments were recorded to discover the amount of bending In his experiments 
he studied the passage of hght from air to water, from air to glass, glass to 

ater, and vice versa For water and air, he used a piece of apparatus essen- 
tially like that shown m Fig 75 Although Ptolemy obtained numerical 
data good enough for making an empirical correction for the bending of 
light m passmg from one medium to another, his results were not accurate 
enough to display the simple geometrical rule which more careful observation 
might have disclosed Though atmospheric refraction does not affect observa- 
tions on the time of transit, it does affect observation of the exact time when a 
heavenly body is seen in a given position east or west of the meridian 
When the invenuon of the telescope revived interest in optical phenomena, 
interest in atmospheric refraction was renewed by the attempt to make 
accurate determmations of the moon’s R A and the positions of the planets 
by observations when they are not on the meridian with the help of 
methods explamed m the next chapter 


THE NATURE OF A SCIBNT/FIC LAW 

There is much misunderstandmg concermng the meaning of a scientific 
law So it may be well at this stage to illustrate the meamng, scope, and 
metht^d of arrivmg at the law of refraction by using the first recorded body 
of numerical data m the history of experimental science By referrmg to 
Figs 74 and 75 you will see what is meant by the angle of the incident ray 
(0 and the angle of the refracted ray (r) when light passes from air mto water 
The terms are relative to the direction from which we jre supposed to view 
the source of hght If hght passes from water to air it isjjent outwards and 
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the inadent angle is the smaller of the two If light passes from air to water 
It IS bent mwards and the angle of refraction is the smaller The figures obtamed 
in one of Ptolemy’s experiments^ are given m the two left-hand columns of 
the succeedmg table 



Angle of Refraction 


Angle of 


Calculated by 

Percentage Error 

Incidence ( 1 ) 

Observed (r) 

Proportional Parts 

0° 

0** 



10^ 

8® 

7i® 

3 1 

20'=' 

16J® 

16i® 

1 7 

30** 

22J** 

22i® 

1 1 

40** 

29® 

28}® 

0 9 

60** 

36® 

34J® 

0 7 

60** 

40i® 

401® 

0 6 

70** 

46i® 

461® 

0 6 

80** 

60® 




Suppose we are satisfied that every one of the figures m this table is 
correct That is to say, repeated observations agree We can use the figures m 
one of three ways to calculate how much a ray entermg water will be bent 
The fir''*' is arithmetical, and is called the method of proportional parts 
To find the angle of refraction when the mcident angle is 22® we should 
refer to the observed values tabulated as above, finding that the two nearest 
figures lor the madent ray are 20® and 30® An mcident ray of 22® is obtamed 
by addmg or i of the mterval (10°) between 20® and 30® to the former 
figure The correspondmg angles of the refracted ray are 15J® and 22^®, the 
interval bemg 7® Addmg ^ X 7 to we get 16 9 To sec how far this 
procedure is satisfactory we may compare the values of the refracted angle 
in Ptolemy’s experiment calculated on the same assumption with the values 
he actually obtained Thus 10° is half the mterval between 0® and 20® and 
the corresponding angles of refraction are 0® and 15^® Half the mterval 
between 0 and 15i is 72 mstead of 8 as the experiment gives We then get 
the values given in the third column The fourth column, showmg the 
percentage error of the calculated as compared with the observed value, 
indicates that the greatest discrepancy is 3 1 per cent, the average bemg 
1 2 per cent For madent angles between 0° and 70® we ought reasonably 
conclude that such calculations would not generally lead us to make an error 
much larger than 3 per cent, and rarely if at all more than 4 per cent A 
second way of using the information provided m the table would be to plot 
the values on squared paper, draw a smooth curve as nearly as possible 
through them, and read off the values which we wish to find out ^ther of 
these methods can be made more accurate by mcludmg as many observations 
as we care to make in our table or graph of recorded results, and bqth are 
open to the objection that we have to refer to the original data whenever 
we wish to make a calculation 

The third method of usmg the data is to find somd* simple expression 
from which all the pbserved values can, be inferred with a fairly high degree 

r *■ 

* As given m thf translation cited by Brunet (^Hutoire des Saem^s Anttgutti) 
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of preasion Once we have found such an expression and ascertained how 
big an error can anse in using it, we have no need to refer again to the onginal 
data Such an expression is the sort of condensed statement of observed 
truths known as a saentific law Ptolemy did not himself succeed in detectmg 
any simple rule of this kmd connectmg the numbers he obtained The truth 
is that his observauons on bendmg of the smaller and larger angles (10°, 20°, 
and 80°) were not very accurately made With a device like the one m Fig 75 



Fig 76 

A simple apparatus for finding the law of refraction^ which can be made with a fret- 
saw from three-ply wood At A, B, C nails project When one bar is held m any posi- 
tion the other is rotated till all three projecting nails appear to be m Ime From the 
graduated scale of degrees, the “angle ot mcidencej” i e the angle light makes with the 
vertical in air^ given by the bar BC, can be compared with the “angle of refraction,” 
I e the angle hght makes with the vertical m water, made by the bar AB 

In this instance the source of light is the hght reflected from the bottom pm A, 
and a ray followmg the path AB is refracted outwards m air along the path BC to the 
observer’s eye It is immaterial which we call the angle of madence and the angle of 
refracnon as long as we always keep one term for the angle of the light ray m air and 
the other for the angle of the light ray m water Literally speakmg the iSatter is the 
inadent ray m this case, but the law is usually stated as for light travellmg in the 
opposite direction, m which case the terms have the meanmg given above 


a schoolboy can get data which agree more closely with careful observations 
earned out with good instruments 

In seekmg for a simple formula connectmg two sets of numbers such as 
those* m the first left-hand column (r) of the precedmg table and the corre- 
sponding figiures m the next column (r) the mvestigator may be guided 
by the shape of 9 curve based on his observations, or by analogy between 
the process that he is studymg and some other process for which he already 
knows a sausfaaory law He may* have to try scs^eraf ways of stating the 
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connexion before he finds one that is satisfactory Kepler proposed the 
formula 


Kr cos r 

‘ " K cos r ~ (K - 1) 
Snell and Descartes gave the law as 

sin 1 — R sm r 


In these two formulae K and R are “constants,” i e fixed numbers which 
are the same for any pair ot media, e g air to water, water to air For different 
pairs of media different values of R or K must be used These can be tabu- 



1 iG 7(> — I iMiTS OF Refraction 

I our rays from the bottom and sides ot a vessel converging at the same point P 
1 (angle ot rcfnction /cro^ is not bent, when passing out into air 
- (angle ot refi it lion less than critical angle, C) bent towards the surface on 
cmtrging into air 

3 (angle ot riinetion equal to the critical angle) emerging ray just grazes the 
surt lee 

4 Gtngle ot refraction gre uer than the crmcal angle) does not emerge but is reflected 
downwards 


lated in a short list of reft active tr dices This dispenses with the need for 
constant reference to all the original experiments carried out to ascertain 
the law * 

Having found a formula which seems to connect two sets of measurements 
in a physical experiment the first thing is to ascertain how well it fits them 
As Ptolemy's figures for smaller and larger angles <jo not agree with dareful 

^ In using them, of course, we must remember, that m passing from water to 
air instead ot air to w Utr, i will be the angle which the beam mi^kes with the verucal 
m water and r will be the angle it makes with the verucal m air The values of R are 
usually tabulated tor light passing trom the lighter to the heavier medium Otherwise 
the reaprocal ol the tabulated value is used Sec also p 148 
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observations which any competent person can make, we may shorten his 
table to illustrate how this is done In Kepler’s and Snell’s laws K and R are 
constants for a given pair of media How far this statement is true is seen 
from the followmg table which you will find it instructive to check For 
instance, on looking up sm 20° m tables of sines it is found to be 0 342 and 
sm ° = 0 267, so that by Snell’s formula R = 0 342 — 0 267 = 1 28 




KepJer’s formuJa 

SneJPs formula 



K = , * 


( 

r 

t + (cos r){r — i) 

sm r 

20 

16J 

\ 28 

1 28 

30 

22^ 

1 30 

1 31 

40 

29 

1 32 

1 33 

60 

36 

1 33 

1 34 

60 

40} 

1 33 

1 33 

70 

46} 

1 33 

1 32 


Havmg done this to find a representative value of the physical constant 
charactenstic of the substances which we are usmg, we have next to test the 
accuracy of the law we propose to use Taking the mean of the values in the 
last table as representative, K = 1 32 m Kepler’s law and R = 1 32 for 
Snell’s law applied to water and air, we may check the accuracy of each law 
by companng values of r calculated by the formula with values actually 
observed For mstance, by Snell’s law, sm r = sm i — R If i is 70°, sm i 
- 0 9397 and sm r = 0 9397 - 1 32 = 0 7119 The tables give 0 7119 
as sm 45 38°, so the calculated value of r, (45 38°), differs from the observed 
(45 1°) by 0 12°, and an error of 0 12 on 45 is 0 3 m a hundred or less than 
0 5 per cent Makmg a table of the percentage errors obtained m calculating 
values of r from values of t by the two laws we get the followmg 


( 

Observed 

t Calculated 
from r by 
Kepler’s Law 

Percentage 

Error 

r 

Observed 

r Calculated 
from I by 
Snell’s Law 

Percentage 

Error 

20 

20 71 

3 6 

15} 

16 02 

3 1 

30 

30 51 

1 7 

22} 

22 27 

1 0 

40 

40 12 

0 3 

29 

29 15 

0 5 

50 

49 71 

0 0 

35 

36 47 

1 3 

60 

59 46 

0 0 

40} 

41 00 

1 2 

70 

69 66 

0 6 

46| 

45 38 

0 3 


Mean percentage error 1 3 Mean percentage error 1 2 

Taking the facts as they stand, i e assummg that Ptolemy’s data are as 
accurate as we can make them by usmg the best instruments and the 
most careful record of our readings, we see that between 20^" and 70° 
we can calculate the angle of refraction correct within 3 per cent, or 
withip, half a degree, by usmg Snell’s law Clearly, also, there is not 
much to choose between the accuracy of the two laws with only this 
information to guide us To decide m favour of one or the other we may 
next compare the fesults of applying both laws to other media, e g water 
and glass, or glass and air, or, using the same apparatus as before, air and 
parafl&n, air and alcohol, air and glycerine, or watA ^nd olive oil It might 
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happen that the average error was much larger for some media than for 
others, using one law, while the other gave results of equal consistency We 
should then have a reason for decidmg in favour of the latter It might 
happen that the differences between observed results and values calculated 
by either law were never greater than the accuracy with which we could 
make the observations For instance, it might happen that repeated observa- 
tions would not agree within half a degree, and that both sets of calculated 
values would not differ from the observed average values by more than half a 
degree Either law would then be a safe guide to correct conduct, and our 

r 



Fig 77 

One queer thing about the fish’s hea\cn is not mentioned m Rupert Brooke’s poem 
The sun sets in the heaven of the fish at an angle of 49° instead of 90° from the zemth 
and the whole terrestrial world which is visible to the fish is compressed m a cone 
ot which the apcK is 2 to When the sun is just dipping on the horizon its rays 
enter the v iter at nearly 90° from the vertical, being then bent to 49° from the vertical 
1 he result is tliat the sun appears to be at P 

only reason for preferring one to the other would be that usmg it involved 
less effort 

In this case Snell’s law is the sunpler of the two That is to say, we can 
calculate more qmckly with it However, it should not be regarded as the true 
law of rcfracnon merely because it is simple It is more true if it yields 
results which agree more closely with observed ^facts Even if it were less 
accurate than Kepler’s law we might suU use it in certam situations If 
)ou only want to know the angle of refraction within a degree, a law which 
tells you how to calculate it with an error of half a degree is just as good as 
a law which tells you how to calculate it within a Jtundredth of a de^ee So 
if the first happens to mvolve less effort spent in calculation you will naturally 
prefer it to the second In testmg a law there is another important thin g 
to remember Our table show^ how the law helps us to calculate the angle 
of refraction for mclcLen^ angles between 20® and 70° Would it be true from 
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0° to 20® or from 70® to 90®? The data do not tell us But two simple experi- 
ments suffice to show that Snell’s law holds good at the extreme limits A 
beam of hght passmg verucally downwards is not displaced to the right or 
left, I e when j = 0, r = 0 Snell’s law gives smr = 0— R — 0, le r = 0 
If a beam of hght just grazes the surface of the water the angle of mcidencc 

is 90® Snell’s law shows that sm r = sm 90® — R = - Takmg the mean 

K 

given above, smr=l — 1 32 = 0 7576 The tables tell us that 0 7576 
IS the sine of 49|^® or 49® to the nearest degree This means that a beam 
of hght commg from air mto water cannot be bent m so that the angle of 


c 


Fig 78 

Two prisms (with angles 90°, 46% 46°) arranged as m the figure constitute the essential 
parts of a periscope Parallel rays from the object enter the first face at right angles 
and are not reacted The unrehacted ray strikes the slantmg surface at 45° from the 
verucal This is greater than the criucal angle for air and glass so the ray does not 
pass out mto the air It is reflected downwards 

refraction Is more than 49° (i e bent downwards 90® -- 49® — 41®) as shown 
in Fig 76 Conversely if a beam of hght m water is mchned to the vertical 
at 49®, (r = 49°), it will Be bent outwards so much that it will just graze the 
surface as it passes mto air, and if the “angle of refraction” m water is greater 
than 49° a beam of hght will not pass out mto air at all It will be totally 
reflected backwards at the surface (Fig 76) This is called the critical angle^ 
and can be determmed very accurately m agreement with Snell’s law For 
air mto flmt glass^the value of R is 1 65 and (1 — 1 65) = 0 606 = sm 37® 
(nearly) So the critical angle for flmt glass is 37® Thus a pnsm with angles 
45®, 45® and 90® can be used as a* perfect mirroi; if placed as *m Fig 78 
Pnsms are used as reflectors m bmoculars and periscope^ 
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The main point to grasp about a scientific law based on measurements is 
that It IS (a) a condensed statement of observed facts to use as a guide for 
practical conduct, (b) the most economical way of gettmg a result as accu- 
rately as we need it So to say that a law has been superseded does not mean 
that It is wrong m an absolute sense It is wrong to go on usmg a law when 
It IS no longer sufficiently accurate for our needs, especially when we can 
summarize what is known m a way which is sufficiently precise for use 
Right and wrong in the domain of scientific laws is partly judged in its his- 
torical context, as believers judge the family life of the patriarchs There is 
also a third sense in which a scientific law is not absolute At certam limits it 
breaks down In the quaint language used by scientific workers of the Soviet 
Umon this IS expressed by saymg that “quantity passes mto quality ” So a 
third point about using a law is that we are not entitled to apply it beyond 
the limits of the origmal data until we have ascertamed withm what limits 
It is true When the mcident angle of a beam of hght passmg from water into 
air I'v greater than 49° the law of refraction ceases to apply and another law, 
the law of reflection, has to be used 

I o use Snell’s law we need to know R for the two substances which we have 
to deal with, e g water and air, glass and water, etc For any pair of them, 
R can be found by experunent once for all The values which have been 
found by careful experiment are tabulated m books of “physical constants ” 
As given m them, it is usually understood that the hght passes from the 
lighter medium (c g air) to the heavier medium (e g glass) So, for purposes 
of calculauon, the angle of incidence is the angle of the beam in 
the lighter medium, and the angle of refraction is the angle of the beam in 
the heavier medium, irrespecuve of the actual direction of xht beam This 
convention saves us the trouble of recording two values of R for each pair 
of media, eg R = | for air to water, and R = | for water to air (Fig 74) 

The tables usually give only refractive mdices of transparent substances with 
reference to air If you know the figures for R between air and two other sub- 
stances, you can calculate the value for R when hght passes from one of them 
to the othrr by a simple rule which is easy to expose m a scale diagram like 
big 8U The rule is 


R (B to C) - R (A to C) - R (A to B) 

1 hus for air to flint glass, R is given m the tables as 1 65 For air to water it is 
1 33 Hence for water to flmt glass it is 1 66 — 1 33 = 1 24 

ACCURATE DETERMINATION OF THE REFRACTIVE INDEX 

From what has been said, it is clear that we nce<J better data than the ones 
which Ptolemy recorded to decide between the merits of Kepler’s formula 
and Snell’s law With properly constniaed mstruments it can be shown that 
die latter is more accurate The value of R (or the refractive index) sub- 
stances does not vary more than 0 01 per cent whAi calculated according to 
Snell’s law 

One mcdiod of determining R for different substandbs is illustrated m 
Fig 79 Another is shown m Figs 80 and 81 When light passes through a 
transparent substance the emergent beain is parallel to the madent beam, if 
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Fig 70 

One way of testing Snell's law or of finding the Refractive Index (R) for a liquid is 
to compare the actual depth of an object immersed in a tall cylinder of the liquid 
with Its apparent depth judged by holding a duplicate outside the cylmdcr in such a 
position that both the immersed object and its duplicate appear at the same level when 
the head is moved from side to side If Snell's law is true 


R _ real depth 
apparent depth 

In the diagram O is an object immersed The ray OB makes the angle r with the 
vemcal and is bent outwards makmg the angle i with the vertical on passing into air, 
so that the object appears as if it were at I By parallels 

I = ZlAIB and r = Z_AOB 

sm AIB = ^ and sin AOB ^ 

Id Ud 

Sin t sm AIB OB 
sin r sm AOB IB 

When we are lookmg downwards the angles 1 and r are very small, so that 

50 _ AO _ real depth 
BI AI apparent depth 

hor water R = so that the apparent depth is three quarters of the real depth 1 his 
is the reason why a spoon appears to bg bent when half imn^rsed m w^ter Lvery 
pomt immersed m the water appears to be only J as low d<5wr>a8 we expect it to be 
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the two opposite faces are also parallel If the faces are inclined, like those of 
a pnsm, the emergent ray is bent inwards For reasons shown in Figs 80 and 81 
the value of R is related in a simple way to the inclination A of the two faces 
through which the beam of hght passes, and to the angle D, which the emergent 
ray makes with the ray entermg the prism when both are mclined at the same 
angle (x) to the faces from which they respectively emerge or at which they 
enter the pnsm This rclauon is 

^ ^ s m i(A + D) 
sm iA 




Infraction ()t pure hght of one colour tiirough a pnsm of GO® 
(K) ot the ghis IS 1 5 So if the inadent ray (m air) is 45®, 


The refractive index 


sin r -- sm 45® ~ I 5 0 707 ~ 1 5 = 0 47 


Since sin Js'" 0 17, the angle of refraction at the first lace is 28= 


To find the angle D for a pnsm with faces mclmed at an angle A an mstru- 
ment called a spectrometer is used This consists of a source of hght, which 
projects a thin beam on to the pnsm and telescope, both capable of revolvmg 
on a t^table with a graduated scale to record the angle AU that is necessary 
IS to find the position m which the telescope and the source of light point 
« equal Mglcs to the two pnsm faces while the telescope receives the beam 
To find the refractivi ^mdex of a solid substance, a pnsm’made of U ts used. 
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To find that of a liquid a hollow prism with thin glass sides is filled with it 
The precision of the law can be tested by the consistency of results obtained 
when prisms with faces mchned at different angles are used 


180 ^ 



Fig 81 — Accurate Determination of Refractive Index Diagram of 

Spectrometer 

The prism (upper figure) is set so that the two faces which enclose A are equally 
mchned to the hne joining 0° to 180° on die scale The source of hght and the telescope 
are moved till the telescope receives the beam while they are mchned at equal 
angles a to this Ime The angle of deviation (D) is then 180® — 2a 

The beams entenng and leavmg the prism, then make equal angles (x) with the two 
laces which enclose the angle A, and 1 = 90® — x 

Smce the / D= the sum of the two mterior opposite angles, each (» — r) 

D = 2(1 - r) 1 = iD + r 

Smce the Z.A and the two base angles, each equal to x + (i — r), make up 2 nght 
angles 

A + 2(x + I - r) = 2(90®) 

A + 2(90° _ 2 -(- I _ r) = 2(90°) 
r = iA 

^ _ sm < sin KA + D) 
sm r sm i A 


DESIGNING MIRRORS 

The*soaal conduct for which the laws of reflection and refraction provide 
us with gmdance includes desigmng mirrors for shavmg, or as reflectors for 
lamps, for searchhghts, for telescopes and for penscopes, prescribing lenses 
for spectacles , or combining lenses m cameras, m magic lanterns, m felescopes, 
iQ microscopes, and m vanous surgical devices like file laryiigoscope and 
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auroscope, also designing prisms for spectroscopes, for penscopes and for 
bmoculars Desigmng lenses of the right curvature to produce magnification 
involves a knowledge of r^^fraction at curved surfaces, in contradistmcUon to 
refraction at a plane surface described m its simplest form by Snell’s law 
The nature of refracuon at curved surfaces is more easily understood 
when we know how magnification can be produced by reflection at curved 
surfaces 

The image produced by a plane mirror cannot be caught on a screen It 
is a virtual image To represent it m a scale diagram we have only to remember 



•I 


1 IG 

1 IS cillcd the zirtual imast of the object O, because it merely represents the pomt 
Irom which the rctlecicd ri>s entering the eyeball appear tc^ diverge This pomt lies 
as tir behind the mirror as the object does in front ot the mirror A virtual image 
cannot be caught on a screen A real image (pp 150, 157) can 


that the only “rays’’ of light visibly reflected from any point on an object 
(Fig Ob) are those which do not diverge by more than the width of the 
pupil v^here they enter the eye This means that to represent the image of 
any point of an object placed before a mirror we only need to follow the 
path of any two rays which enter the eye and trace them backwards to the 
point from w'hich they appear to diverge Usmg this method (Fig 8*^) shows 
us that the image of a point at a certain distance in*front of a mirror is situated 
at the same distance behind it By tracmg out the course of two rays from 
each of tlie three corners of an L-shaped figure, as in^ig 83, we also see 
that the Virtual image is upright and reversed from left to nght To put the 
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issue m another way, the image of a page of pnnt seen m a mirror resembles 
the appearance we should see if we were lookmg at the script through a 
transparent page The method of reconstructmg the image by representing 
small beams of hght or “rays” reflected from its edges as geomctncal Imes 
therefore agrees with the three most famihar characteristics of reflection 
from a flat surface like a hand mirror or a pool of water 
In applymg the same device to mirrors with curved surfaces such as form 
a shce from the surface of a sphere, the Alexandnan astronomers used the 
reasomng which they had learned to use in dealing with the observer’s 
horizon We can look on the immediate neighbourhood of the place where a 





Fig 83 


By considering the points from which any pair of rays appear to diverge when an 
angular object is placed before a mirror we can see why the image is reversed from 
left to nght (The rays as drawn diverge more than would be possible for any pair of 
rays entering the pupil unless the object were very small compared with the eye 
placed very close to object The exaggeration is necessary to make the relations 
between object and image clear ) 

ray of hght strikes a spherical surface as a httle patch of flat earth That is 
to say, the ray is reflected as it would be if it struck a flat mirror placed m the 
plane which is tangential to the surface at ±e pomt where it strikes A hne 
which joms the pomt where the tangent plane grazes the surface to the centre 
of the imagmary sphere from which a concave or convex mirror is supposed 
to have been sliced off as»m Fig 84 must strike the tangent plane at right 
angles If a ray does so, the angles of mcidence and reflection are equal So 
a ray passmg along the hne which joins any point on an object to the “centre 
of curgature” of a spherical mirror is reflected back on its own path Any 
other one is reflected m the same plane so that the angle the reflected ray 
makes with the hne joimng the pomt, where it strikes to the centre of curvature, 
IS equal to the angft which the mcident ray makes with the same hne Rays 
that fall parallel to the hne which joips the centre of the/mrror to*the centre 
of curvature are reflected so that they either coilvefge towards (concave 
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Fig 84 

A concave or convex mirror can be looked on as a slice from a sphere silvered or 
polished on the mside or outside respectively The line joining a point on the surface 
of B sphere to its centre is perpendicular to the tangent So the mcident and reflected 
ray m'lkc equal zenith angles with the line which joins the centre of curvature to the 
point from which the mcident ray is reflected 



Fig 86 

The two rules which suffice for represenung the image formed by an object placed 
before a concave and convex mirror are 

(1) A ray (tj) w hicJi strikes the mirror so that it passes tiirough or is directed towards 
tlie centre of curvature is reflected back along us own path 

(2) A ray (6) which runs parallel to the optical axis of the mirror is reflected back 
so that It passes through (concave mirror) or appears to come 'from (convex mirror) 
the focus Conversely, a ray (d) coming from the focus (concave mirror) or proceedmg 
towards it (conv ex mixYor) if refleaed parallel to the opacal axis The optical axis is the 
line which joins the centre of curvature to the centre of the mirror 
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surface) or appear to diverge from (convex surface) xhc neighbourhood of a 
point caUed the Focus between the centre of curvature and the mirror itseif 
If the distance between the centre of curvature and the mirror is large com- 
pared with the diameter of the latter, the distance of the focus from the 
mirror (the focal length) is approximately half the distance (radius of 
curvature) from the mirror to the centre of curvature as m Fig 85 
If the curvature of a concave or convex mirror is measured we can there- 
fore reconstruct the position of the image when the object is placed at a 
measured distance from it by tracing the path of two rays from each of 
several pomts at the boundary of the object For practical purposes the two 
end pomts are enough One ray from each point is m the same straight Ime 
which joms it to the centre of curvature This is reflected back along its 
own path The other is parallel to the optical axis and is reflected back so 




Rays parallel to the opucal axis converge to the focus of a concave mirror whicn can 
therefore be used hke a lens as a burnmg-glass Rays which come from the focus are 
reflected parallel to the opucal axis If they come &om a point between the focus 
and the mirror they diverge on reflection This is how mirrors are used on lamp 
reflectors or m headlights to produce a divergmg beam of light 

that it diverges from (convex mirror) or converges towards (concave mirror) 
the focus (Fig 86) 

The image produced by a convex mirror has the sanic general charac- 
teristics wherever the object is put It is an upright virtual image reversed 
from left to right like the image formed at a plane surface, differing only in 
so far as it is always smaller (Fig 87, a) than the object This compresses 
a larger visible field mto a smaller space So such mirrors are used as reflectors 
for motor-cycles and cars to display objects approachmg from behind If an 
object IS placed between the focus and surface of a concave mirror (Fig 87, b) 
an upright virtual unage reversed from right to left is also obtamed Instead 
of beijig dimimshed the image appears to be larger than the objea Everyone 
who has used a shavmg mirror, which belongs to this class, Imows that the 
image enlarges as the face recedes till a certam distance is reached when 
no clear image is b^een This pomt is the focus If an object (Fig 88) like a 
candle bummg m a darkened room^is placed beyond the focus of a concave 
lens tilted a httle, we can focus a reed and tnoerted^\xm%^t on a screen, e g a 
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piece of paper If the object is between the focus and the centre of curvature 
a clear enlarged image is obtained when the paper is placed a certain distance 
beyond the centre of curvature If the object itself is placed beyond the 
centre of curvature the screen must be held in some position between the 
centre of curvature and the focus to get a clear image, which is then seen to 
be smaller than the objea Concave mirrors are used m astronomical tele- 
scopes The object is at a great distance So an image is formed very near 
the focus, where it is studied with a Jens combination called an eyepiece 



1 he \ irtual upright diminished image produced putting an object before a 
convex mirror as m using one for sighung objects in the rear ot the motor-cycle 
(6) The virtual upright enlarged image when an object is placed within the focal 
distance ot a concave (e g shavmg) mirror 

By applying the two simple rules given in the legend of Fig 85 we can 
make a scale diagram (Fig 89) of the position of the real image and the 
object, and thus calculate the centre of curvature*of the mirror or its focal 
distance Having done this we can make a scale diagram for the size and 
posiuon of the image when the object is placed in another position The 
results can readily be checked Havmg justified the method we are not bound 
down to drawing a scale diagram to get sunilar results The geometry of the 
scale diagram shows us how to calculate the magnificanon and position of 
the image by the simple formulae explamed m Fig 90 Prom these formulae 
we can deduce what curvature is necessary m designmg a mirror to give a 
suitable magmficauon at a convement distance for shavmg 
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The real inverted image of an object placed beyond the focus of a concave mirror may 
be enlarged if the object is within the radius of curvature, or diminished if beyond 



Fig 89 


The real image produced when an object is placed between the focus and centre 
of curvature of a concave mirror If the arrows are reversed the figure also illustrates 
the case where the object is placed beyond the centre of ci^ature Most opucal 
diagrans are reversible in one way or ancfther » ^ 
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Fig —1 ORMULA FOR Magnification and Position of Images 

In this diagram C" is tlic centre of curvature and F the focus of a concave mirror Its 
radius of curvature r is equivalent to OC and its focal length is equivalent to OF 
When the object is between O and F a negative sign wluch precedes the numerical 
value of V indicates iliat the distance v is measured to the left of O 


Size of object AB = XO (approx ) 

Size of image = DF 

Distance of object OB = m = CB + 2/ 
Distance of image OD = v =«= 2/ — CD 


Magmfication = 


DE 

AB 


( 1 ) 

DE 
AB " 


= 

DC 

DC 

CB 


. . DE ^ , XO , , AB 

(II) ^ = tan^ = (approx) - ^ 


Combining (i) and (u) 


M - 2/ 

V ~ f — V 

~T~ 


AB 


DF 
OF ’ 


-/ 


ti — 2/ 

uv ~ fv ~ uf 


uv ~uf - 2fv + 2/2 = 2/* - fv 


uf 


(m) 


u -f 

Formula (m) wluch gives the posiuon of the image if that of the object and the focal 
length (ir) arc already known is easier to recall, if written 

j (■») 




The linear magnificauon (ii) is (v — /) — / = 


V 

f 


— I, and since (iv) may also be 


vw-fo. * u + V , V 

written as 7 = the magnification is 1 = - 

f U ^ u ^ u 

If the nurror is convex OF is measured to the left of O, and a similar figure shows 
that formula (ui) holds when a negative sign is attached to the right numerical value 
tor f 


COMBINING LENSES 

The rules which have been given for finding what soft and size of image 
IS produced by an object placed at a known distance from a nurror, or where 
the image' is situated, can all be demonstrated by means of a simple opucal 
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bench (Fig 91) which can also be used to make similar experiments with lenses 
Most lenses used m optical mstruments are of two general classes (Fig 92), 
diverging lenses, which direct the path of a beam parallel to the optical axis 



Fig 91 

Home-made bench for measuring position and size of real image formed by 
convergmg lens or (with holder and lamp reversed) concave mirror 



Fig 92 


Divergmg lenses* (a) planoconcave, {b) biconcave. 

Convergmg lenses (c) planoconvex, (jd) biconvex 

F is the ^ocus m each case 

away from a pomt called the focus situated on the same side of the lens as 
the source of hght, 'and converging lenses, which brmg the rays to a focus 
on the side remote from the source, as when we use a ]ens to bum a hole 
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m a piece ot paper One aspect of a converging lens is always convex The 
other aspect may be convex, flat, or concave If concave, the curvature of 
the concave side is less than the curvature of the convex One side of a 



Fig. 93 


A simple Searchlight The lamp is at the focus of the concave mirror which hence 
reflects a parallel beam on the inner face of a divergmg lens whose focus is at F 





p / 


\ 


( 




Above, the short-sighted (myopic) eye rectified by meins of a divergmg lens Below, 
the long-sighted eye (hypermetropic) rectified by means of a convergmg lens A 
third common defect “astigmatism” is due to unequal curvature of the reactive 
surfaces m different planes Tlus is corrected by a cylindrical lens, i e a lens cut from 
the side ot a cylmder, so that it produces convergence in one plane, but not m the 
plane at right angles to it 


diverging lens is always concave The other may be flat or convex with a 
curvature less than that of the concave side. 

Convergmg lenJe^, as their name suggests, make the rays of a beam con- 
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verge as they emerge Diverging lenses do the opposite The eye, as A1 
Hazen was first to recognize, is a tmy camera with a translucent lens which 
produces an image on the sensiuve layer or retma When it funcuons pro- 
perly It can be focussed for near and far objects by muscles which change 
the curvature of the lens This adjustment is rarely perfect, and most people 
are a httle ‘‘short-sighted” or “long-sighted ” In short-sighted people hght 
from a distant source is brought to a focus in front of the retma, and a 





This shows that a ray striking the edge of a convex surface is bent towards the optical 
axis (converging lens) after refracaon To make the construction all we need to know 
IS the “refractive mdex” (R) of the glass This is taken to be 1 6 Thus if the incident 
angle m air is 45®, 

sin r = sin 45® - 1 5- 0 7071 - 1 5 

Hence r is found to be 28° from tables of sines Nouce that the direcuon of the ray 
which strikes the centre of the surface of the lens is unchanged when it emerges 
If the lens is thin, with a large radius of curvature, this ray which strikes the centre 
of the surtace may be considered to pass approximately through the centre of the 
lens itself 

divergmg lens is necessary to make the rays converge more gradually as m 
Fig 94 In long-sighted people, whose difficulty does not anse from the 
common failure of accommodation at an advanced age, the reverse is true 
The eye is too short, and a suitable convergmg lens makes rays which enter 
It converge on the reuna 

Why hght IS bent m tins way, when it is refracted at a curved surface, 
IS seen m the next Ijvo figures (Figs 95 and 96) A geometrical device similar 
to that for curved mirrors can be used to trace out the path of a ray through 
a lens The angles of madence and refraction are, measured from the hnc 
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drawn perpendicular to the tangent at the point where the ray strikes the 
curved surface The use of a lens as a burning-glass shows that parallel 
rays are brought to a sharp focus by a good lens of small curvature, and 
Figs 95 and 96 show that the direction of any ray which strikes the centre 
of a lens is not changed when it emerges If we know the focal distance of a 
lens the position and size of an image can be reconstructed by tracmg the path 
of two rays from any point on the object One is a ray which is parallel 
to the optical axis of the lens before it strikes the latter This ray passes 


f 



I his shows why a ray striking the edge of a concave surface is bent away from the 
optical axis (diverging lens> after rcfracuon The construcuon is made in the same 
way as that of the previous hgure 


through the focus of the leas if the latter belongs to the convergmg type 
Otherwise it appears to diverge from the focus The other ray passes through 
the centre of die lens Its direaion remains unchanged 
Diverging lenses are like convex mirrors The image (Fig 97) is always 
upright, and diminished m si/e It is a virtual image That is to say, it appears 
to be on the same side of the lens as the object and cannot be focussed on a 
screen An upnght virtual image is also obtained with a convergmg lens if the 
distance between the object and the lens is less than the focal distance of the 
latter Instead of being dimimshed it is then magnified This is what happens 
when we look at small print with a “magnif>ing glass ” If an objea is placed 
on one side of a converging lens, we can also focus a real upage of it on a screen 
placed on the other side of the lens when the distance of the object from the 
lens IS greater than the focal distance Ac with a concave mirror, the real image 
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IS inverted, enlarged if the distance of the object is less than twice the focal 
distance and d imin ished if the distance of the object is more than twice 
the focal distance (Fig 98) A camera is simply a box with a convergmg lens 
placed at the correct distance to focus a re^ image of distant objects on a 
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Fig 97 

\bovc, the image formed by a diver gmg lens This is always virtual, erect, and 
diminished Below, the image which is formed by a convergmg lens when the object 
IS not further away than the focal distance of the lens The image is then virtual, 
erect, and enlarged 



U hen the object is separated from a convergmg lens by a distance greater than the 
touil distance, an image is fonjied on the opposite side of the lens and can be caught 
on a screen suitably placed This real image is always ttwerted If the object lies beyond 
-I the image is diminished If the object hes between F and 2F the image is enlarged 
1 his IS the prmaplc on which the “magic-lantem"' or cmema works 


9 

photographic plate For landscapes, the distance of the lens need not be 
adaptable All rays {pom a very distant source are practically parallel, and 
converge so that the image is formed very slightly l^yond the focus of the 
lens So the distance between lens and plate is pracycajly ^equivalent to the 
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focal distance of the lens To find the focal distance of a convex lenSj we only 
have to find where a screen must be put on one side of it m order to get the 
clearest image of a very distant object 
Having found the focal length of a lens we can calculate the position and 
size of the image from that of the object, or conversely we can find the focal 
length of a Jens by measuring the position and size of an object and its real 
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I he positive sign signifies thit a distance is measured from the lens on the same side 
IS the object Hence, it / is the local length ol the lens, PF ~ — / 

Si/c of object AP 0 - CP Distance ot object ~ BP ~ -f- « 

Si/e of image DI i Distance of image = DP ~ — v 


(01 


CP 

IP 


— tan b - 


DF 

DP - FP 


(ii) 


AB 

BP 


tin a 


1 - ( “/) 

DF 

DP 


V -f 


t 

— V 


u 

— 


('ombining (1) and (11) 


/ 


- ■ — —vf = uv - uf 

V ~ f —V •' 

uf ^ uv v vf " ^ f %~u 

Phis formula tor position of the imige is easier to recall, if written 


1 - 1 = i 

V u J 


Linear magnification is — 


r-/ -/ 


or, from (11), — 
o 


—t 

u 


image, by a simple scale diagram hke the ones shown m Figs 97 and 98 
Alternatively, the calculation can be made from a formula which can be simply 
deduced from the geometrical relations of the diagram, as shown m*Fig 99 
The truth of the rules applied m either way can be easily estabhshed by 
simple expenmenis with an optical bench like the one ir Fig 91 Their prac- 
tical use^hes m findmg what magnification can be got from combinations of 
lenses in instrumchfs hke the telescope and microscope. 
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Fig 100— Kepler’s Telescope 

Rayt> commg from the distant object converge to pomts on the real mverted image 
which would be seen jf a screen were placed between the objective and eyepiece 
From each of these points a cone of rays then diverges again From these we can 
cclcct two lor graphical representation^ one going through tlie centre ot the eyepiece 
unbent, one parallel to the optical axis, so do not be misled into thinking that the 
rays drawn trom the objective to the hrst image arc bent at the latter The ray passing 
through the centre of the eyepiece would not exist m a telescope having the precise 
proportions shown It is put m as a sample to find the apparent ongm of the rays that 
do exist, I e the virtual image The focus of the objective is Fq That of the eyepiece 
IS F^- In the figure the object is not very distant and the real image is formed be- 
yond Fg Where the object is at a considerable distance the real image fails almost 
at Fo and the lenses are brought together so that F^ and F^ practically coincide The 

magnificauon is the rauo of the angular diameters ~ ^ If the angles are small 

a ia 

as staled on p 138, 

ib __ tan 
\a tan \a 

When Ff, and F^ are very close, so that the first image is only just beyond the focal 
distance of the objective and just inside the focal distance of the eyepiece (lower 
iigure) * 

«tan lb _ AB AB BY 
tan ia BX “ gY ^ BX 

I e the magnificauon ft 

Focal distance of objecuve 
Focal distante of eyepiece 
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The simplest combmation of lenses to form a telescope is Kepler’s 
(Fig 100) This IS made of two convergmg lenses One makes the rays of a 
distant object converge very shghtly beyond the focus The mverted real 
image which can be seen if a semi-transparent screen is placed m a suitable 
position between the two lenses is formed m front of the eyepiece at a 
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distance slightly less than its focal distance Where the rays would converge 
to form an image if a screen were present, they diverge again in all dnections, 
as from the edges of an illuminated object So the result is the same as if a 
real object were placed within the focus of the eyepifce, ic a magnified 
virtual image is produced Kepler’s arrangement therefore gives an mverted 
image Hence though useful for astronomical purposes it is not suitable 
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for viewing landscapes or the actors on a stage For the reasons illustrated 
ih Fig 100 the magnification is the ratio of the angular diameter {h) of the 
virtual linage and the angular diameter {a) of the object as seen without 
the telescope This is the ratio of the focal distances of the far lens and 
the eyepiece 

The simplest type of combmation which gives an upnght image is Galileo’s 
(Fig 101) This is the type of arrangement used m opera-glasses The eye- 
piece is a divergmg lens In ordinary circumstances a divergmg lens produces 
a dimimshed upright image which appears to be situated on the same side 
of the lens as the object This is because rays diverging from the object are 

Tuial 



Fig 103— The Inverting Eyepiece 

A telescope made of convergmg lenses can be made to give an erect image by usmg 
a third lens If the first real image formed near Fj, the focus of the objective^ is made to 
fall at a distance equivalent to twice its focal length from the second lens, a real image 
which IS an inversion of the first image, equivalent in size to it, is formed at the same 
distance from the second lens on the opposite side This unage is, therefore, the 
same way up as the object If it is formed at a distance just a little less than the focal 
distance of the third lens, a magnified virtual and erect image is seen by the eye 

made to diverge more so that they seem to come from nearer the lens 
(Fig 97) In the telescopic arrangement the divergmg lens is placed between 
the convergmg lens and the position where the real image would be formed 
if the eyepiece were not there These rays, convergmg to the focus of the 
convergmg lens, are madp to diverge so that they appear to come from a 
virtual image larger than the real image which would otherwise be formed. 
This virtual unage is an mversion of the latter, and smee the latter is itself 
mverted, ±e result is an upnght image of the object seen 
The® microscope (Fig • 102) is essentially like Kepler’s telescope. The 
object is placed at a distance from the “objective” greater than — but less 
than tvnee — the foctl distance of the latter (see Fig 98) So a real, enlarged, 
and mverted image is formed m front of the eyepiece at a distancp less than 
the focal distance of the eyepiece The real image pcocluccd by the objective 
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IS seen as a virtual image which is magnified still fiirther. Any two lenses of 
different focal distances can be used as a microscope or telescope accordmg 
as we use the lens of greater or smaller focal distance as the eyepiece 

A microscope of two convergmg lenses like a telescope of the same type 
produces an inverted image One way of avoidmg this is the use of a com- 
pound eyepiece (Fig 103) consisting of two lenses If one is placed so that 
the focus of the objective is separated from it by a distance equivalent to 
twice Its focal distance, the first or real image is replaced by a second reversed 
real image of the same size The lens nearest the eyepiece gives a magnified 
virtual image of the second real image If the first real image is formed m 
front of the second lens at a distance greater than, but less than twice, its focal 
distance, the second real image will be larger than the first, so that it will be 
magmfied successively by the two lenses of the eyepiece 

COLOUR FRINGES 

If you make a simple Kepler’s telescope or a microscope by combimng 
two cheap lenses of different focal distance, as explamcd, you will have no 
difficulty m discovermg why saentists were forced to bother about the nature 
of colour, when mstruments to produce high magnification began to be 
manufactured Any image formed by a combmation of ordmary lenses is 
surrounded by a coloured fnnge which blurs the outlme The higher the 
magmfication, the more troublesome is the distortion which this coloured 
fringe produces People had long been famihar with the rambow effect which 
is seen when hght shmes through pieces of glass cut m the shape of a pnsm, 
as in Venetian chandehers and the like A phenomenon which had hitherto 
been accepted thankfully as an ornament now became a soaal nuisance 
Men who were active m advancmg the study of astronomy, among whom 
Newton was foremost m the seventeenth century, were compelled to mvesti- 
gate colours For the observations which led Newton to advance the views 
now accepted no tcchmque which was not available to the saentists of the 
Hellenistic age was necessary What was new was a new social need To make 
good telescopes it was essenual to get nd of the coloured fringe 

Nature, as Bacon taught, can only be commanded when we have first 
learned to obey her To get nd of the coloured fringe we have to understand 
in what circumstances it is produced If a parallel beam of sunlight s hinin g 
through a slit (or of a lamp focussed with a convergmg lens) strikes the face 
of a glass prism, one of two things may happen It may be bent so that it 
strikes a second face, making an angle with the verucal greater than the 
critical angle, so that it is totally reflected as m Fig 76 Otherwise it passes 
through the prism, without reflection at one of its faces, as a beam with 
divergmg edges If this divergmg beam falls on a plane surface it produces a 
spectrum, a senes of bright colours violet, blue, green, yellow, and red 
(Fig 104) If part of this coloured beam is allowed to pass through a second 
pnsm, the only colours which appear in the second spectrum will be those 
which arc allowed to strike the second pnsm The spectrjm cast by a pnsm 
can be reqomposed mto white hght by passmg it through a second mverted 
pnsm (Fig 106) or by brmgmg the rays' to a focus with a lens. 
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Such simple experiments show that ordmary white hght can be decom- 
posed mto different sorts of hght, which we recognize by their colour What 
our senses recogmze as white light is not merely complex It is not neces- 
sarily built up m the same way It can be produced by combining the pure 
coloured hghts of the spectrum in various ways Superimposing the pure 
coloured hghts of the spectrum (with the right degree of brightness) leads 
to surprismg results The combmauon of blue and yellow gives white So 
what we recognize as white hght may be made of all the coloured hghts of 
the spectrum, or of a mixture of blue and yellow alone Green and red give 
yellow So what we recognize as yellow may be either pure spectral hght 
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Newton’s classical experiment in which a spectrum was formed on a screen with a 
slit, which could be adjusted to admit only hght of a particular region (e g yellow) 
of the spectrum The colour of the pure “monochromatic light” which passed through 
the sht could not be changed by a second prism 


which cannot be decomposed, or a mixture of green and red, which can be spht 
mto its consutuents with a prism Blue and red give magenta Magenta and 
green give white 

These combinations are not what we should expect from the visible results 
ot mixing pamts For mstance, blue and yellow dyes usually produce green 
when mixed If we let hght pass through a solution of blue dye before it 
strikes a prism it is nearly always found that the spectrum consists of a 
certam proportion of green rays as well as of blue The dye fails to transmit, 
1 e It “absorbs,” red and yellow rays A convement arrangement for examining 
hght trjuisnutted through a prism is called a spectroscope A yellow dye need 
not be yellow because it absorbs all hght except spectral yellow It may be 
yellow because it transmits red and green, absorbmg all other colours When 
such a yellow is mifed with blue the blue half of the mixture absorbs yellow 
and red rays The yellow half absorbs blue rays, leavmg no thin g t)ut green 
to be transmitted In the same way a visibly red substance may be red, like 

F* \ 
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the ruby lamp of the dark-room, because it absorbs all rays except those at 
the red end of the spectrum, or it may also be red because, like blood, it 
absorbs green hght Of the four principal colours we have left blue, yellow, 
and red when green is eliminated Smce blue and yellow give white, the 
effect IS red 

The spectroscope is used m modem chemistry to detect differences which are 
not recognizable by the eye, and so to distmguish substances which at first sight 
seem to be physically alike m spite of their different chemical properties 
If a man poisoned with strychmne or cyanide were afterwards placed with 
his head m a gas oven, the examination of a smgle drop of his blood would 
settle whetlier he had committed suiade The spectrum of blood, i e hght 
first passed through blood and then through a pnsm^ has a black patch in the 
green region Carbon monoxide, the poisonous constituent of cod gas, com- 


I ^ 


Fig 106 

An arrangement for superimposing two spectra to show the effect of combining 
different kmds of pure coloured hght 



bines with the red pigment of blood, drivmg out oxygen The resultmg 
combination is also red, but the size and position of the black patch m the 
green region of its spectrum are not the same as for healthy blood 

You will sec from Fig 10 1 that when white hght passes through a prism 
the rj>s at the red end of the spectrum are bent less tlian the rays at the 
blue end Consequently magnification with a simple lens must always 
produce an image with a coloured frmge, where rays of complementary 
colours do not overlap and neutralize each other When Newton set out to 
invcsugate the formation of coloured frmges, glass of quahty sufficiently 
good for makmg lenses was a rarity Italian glass-makers came to England 
in the middle of the seventeenth century, and flmt glass, the best glass 
suitable for makmg the simple optical mstrumeqts used m Newton’s time, 
was evolved m England about the same time Smce a lens of one and the 
same material must necessarily produce coloured frmges, the first effect of 
New ton’s discoveries about the spectrum was to discourage further attempts 
to improve the magnif>^g power of the telescope by combmauons ol lenses 
Newton designed a lens-mirror combmanon with which he could see the 
moons of Jupiter and the horns of Venus, and for a generauon astronomers 
relied oa filler improvement by grinding good concave mirrors Durmg 
the eighteenth ccnftqY the vanety and quality of glass improved The problem 
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which defeated Newton was solved by pracncal instrument manufacturers, of 
whom DoUond was the successful competitor for the patent nghts issued 
in the latter half of the eighteenth century 

This was possible, because another good quahty glass was now available 
The length of the spectrum produced by pnsms of different kinds of glass 
varies considerably For mstance, if made of “crown glass’* (calcium with 
potassium or sodium sihcates), a pnsm of some particular size and shape pro- 
duces a much shorter spectrum than one of the same dimensions made from 
“flint glass” (lead and potassium sihcates) On the other hand, the magmfymg 
power of lenses made of glass of two different kmds does not vary very much 
This fact makes it possible to get high magnification without “chromatic 



Fig 106 


Correcting chromauc aberrauon of lenses A second prism placed as m figure 
neutralizes the dispersion of white light produced by the first If the first pnsm of 
crown glass, a flatter pnsm of fiint glass suffices to neutralize the dispersion In the 
same way a diverging len^ of flmt glass can neutralize the coloured fringe (RV) pro- 
duced by a converging lens of crown glass A flmt glass lens which does this will be 
one of low divergmg power as compared with the convergmg power of the crown 
glass lens Hence the combinauon is itself a convergmg lens 

aberrauon,” i e formauon of coloured fringes which blur the outline of the 
image seen through a telescope or microscope Modem mstniments use 
Dollond’s “achromatic” lenses formed by suckmg together a crown glass 
convergmg lens of high curvature and a flmt glass divergmg lens of low 
curvature The curvature of the flmt glass lens is suffiaent to neuualize the 
spectral “dispersion” of the crown glass lens m the same way as one pnsm 
can neutralize another (Fig 106), without bemg sufficient to neutralize the 
magmfymg power of the combmauon 

INTENSTTY OF LIGHT ^ 

So soon as people were forced to an acuve mterest m the nature of colour, 
the problem of me^urmg the mtensity of a source of hght acquired a new 
importance If we match thmgs by dayhght our judgments do jnoi agree 
with the result of matchmg the same thmgs by afUfipfal light Nowadays 
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we explain this by saying that electnc hght or gas hght contains more red 
or yellow hght dian sunhght The conditions of urban life m northern 
climates, the muldphcatton of sources of lUummation and artificial dyes 
have compelled us to set up a standard of measurement by which we can 
tell how much hght we get for the money we spend on lUummatmg our 
streets and dwellings^ and how different shades of pigment harmonize 
The prmciple used in determining the candle power of an electnc hght bulb 
IS a simple application of Alexandrian opucs The only evident reason why 
antiquity did not bother to measure light is that antiquity had no need to do so 
Intensity of ordinary white hght is measured nowadays by comparison 
with a standard source of illumination The first standard set up was a candle 
of particular dimensions and composition The British standard was a sperm 
wax candle weighing six to the pound and burning 120 grains per hour 
I here are far more reliable sources of light today, and though we use the 
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\ be im of Iiglit which djv< rgts from one md the sime iourcc illuminates four times 
the irca it twice the distmcc, nine times at tiircc times the distance, and so forth 
I Iciict the intensity ot iJJumination or quanut> at light tailing on unit area is inversely 
proportion il to the square of the distance. 

term candle power, the actual physical standard used is not a candle One 
of the best is a specially constructed burner for a constant muture of air and 
pure pentane (the chief constituent of gasoline) arranged to give a flame of 
hxed dimensions 1 his is defined as a candle power often To find the candle 
power of any other source of light by comparison wc compare the distances 
at which the standard and th: source of unknown candle power produce 
the same brightness One way is to place them on opposite sides of a paper 
screen with a grease spot w hich makes the paper translucent m the mid^e 
When the amount of hght reflected from the opaque part and transmitted 
through the grease spot is equal on both sides, the outline of the grease becomes 
invisible Another way is to compare the distances at which two shadows 
cast by the same object on the same screen, when the two sources of hght 
are not quite m the same straight hne with the object, look equally dark 
From the elementary pnnciple that “hght travels m straight hnes,” it follows 
(Fig 107) that the brightness of a source of hght, 1 e the amount of hght 
which falls on the same amount of surface, is inversely proportional to the 
square of the distance So, if the distance of the source from the grease spot 
or shadow -screen of the “photometer” is three times ‘the distance of the 
other, and the grease spot is invisible or the shadows are matched, its candle 
power IS nine times w: gitat 
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INVISIBLE LIGHT 

One of the earhest optical phenomena which attracted mterest was tlie 
intense heat produced at the focus of a concave mirror when a parallel beam 
of sunhght strikes it One legend credits Archimedes with applying the 
pnnciple m naval warfare by attemptmg to set fire to enemy ships with large 
metalhc mirrors The analogous experiment for setting fire to a dry leaf or 
a piece of paper with a magmfymg glass is one which most of us have carried 
out m our schooldays The most celebrated bummg-mirrors were made about 
the time of Newton’s work on the spectrum by Tchimhausen, who, with a 
large copper concave mirror, used the sun’s rays to boil a kettle of water and 
to melt a hole m a com 

Such phenomena force us to examme more closely what v^e mean by light 
rays Ordinarily we recognize a beam of hght by its effect on our eyes The 
spectrum teaches us that unaided vision does not distmgmsh between colours 
which are found to be different when exammed with a prism Our eyes are 
not perfect instruments for recognizing when things are alike and when they 
are different. So we have to look for a new way of definmg colour The 
physicist says that thin gs are of the same colour when they absorb rays of 
the same part of the spectrum If our eyes are faulty as a means of recognizmg 
colour, our judgments may also be faulty when we say that a beam of light 
can boil a kettle or blur a photographic plate Some people are colour- 
bhnd m the sense that they cannot distmgmsh between green and red It 
IS easy to show that the distmction which the rest of us recognize is a real 
one White hght shinmg through a piece of red glass which absorbs all 
rays except red, as does the ruby lamp of the dark room, will not spoil a 
photographic plate White hght shinmg through a piece of green glass docs 
so Just as the effects which we observe m mixmg colours cannot be explamed 
by suckmg to the behef that two colours are the same if the eye detects no 
difference, so the physical effects which we ascribe to “hght” do not corre- 
spond perfectly with what we are able to recognize at first sight In a certam 
sense we are all colour-blmd 

The discovery that this is so was not made till more than a hundred years 
after Newton’s work on the spectrum, when the blackening of silver chloride 
m sunhght was first studied This effect of a visible source of hght on silver 
salts is the basis of modem photography We thus know of two physical 
effeas other than what we see directly when hght shmes A source of hght 
can be used to produce heat or to produce chemical change Neither of 
these effeas corresponds exactly with what we usually recognize as hght, 

1 e the visible himts of the^ spectrum at the red and violet ends If we move 
a sensitive thermometer along a spectrum thrown on a screen it deteas heat 
above the visible limit of the red end of the spectrum and registers very httle 
effea m the visible violet An ordinary photographic plate is affected very 
httle b/ the red rays, and# is blurred beyond the limits of the visible violet 
end of the spectrum If the spectrum is thrown on the screen vemcally, the 
thermometer registers no heat when moved sideways beyond the visible 
limits, which are sharply defined This pomts to the conclusion^ that the 
photographic plate can be affeaed by hght which 1% njote highly refraaed 
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than light which we see directly, and that heating can be produced by light 
which IS less highly refracted than hght which we see directly 
To avoid using the word light m an unfamihar sense, you may prefer to 
speak of three kmds of “radiation,’* visible radiation, invisible “infra-red” 
radiation which is recogni 2 able by its heatmg effect, and “actimc” or ultra- 
violet radiation which is recognizable by its chemical effect on silver salts 
All three sorts of “radiauon” have four charactenstics of visible hght First, 
they can be communicated through empty space That is to say, the effects 
which we describe as characteristic of a certam kmd of radiation occur when 
the source is separated by a vacuum from the thing it influences Second, 
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A liot mctil bill IS placed it the focus of a concave metallic mirror The black bulb 
ol a sensitive thermometer placed at tlie focus of a second mirror registers a rise of 
temper uure In the type of thermometer shown (an “air thermometer”) the two 
blickcntd bulbs contam air I he expansion of the air m one bulb forces the fluid m 
the correspondmg hmb downwards Unless the metal ball which is the source of 
radiation is nearly incandescent, no effect will be registered while a slab of glass is 
held between the two mirrors 


they display the phenomenon of refraction, as the spectrum experiment 
shows Third, they arc reflected accordmg to the same laws as light (see 
Fig lOS) Finally, they are obstructed by a black surface If actmic rays fall 
on a black surface they are not reflected or scattered Hence the unage of a 
black object does not darken silver salts That is why the photographic plate 
is a “negauve ” The absorpuon of heat rays is illustrated by the arrangement 
on the left-hand of Fig 10^1, which also show’s (right-hand) that a black sur- 
face emits heat radiation better than a white one 
The absorption or obstruction of radiation by a black body is* always 
accompanied by rise of temperature, the effect being speaally pronounced 
in the red end of the visible spectrum and the region of the radiations which 
are less highly refracted We call the infra-red rays heat rays when the pro- 
duction of heat IS dieir^most striking effect Nowadays, we know chemical 
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reacoons which are sensitive to these rays, )ust as the silver bromide of the 
ordinary photographic plate is sensitive to acnnic rays and to visible rays in 
the blue end of the spectrum Such reaaions form the basis of infra-red 
photography Aside from the specific physical effeas mentioned, and the 
extent m which they are refracted, different sorts of radiation differ con- 
siderably m the ease with which they pass through different substances 
Some kinds of glass are comparauvely opaque to the invisible ultra-violet 
rays, which affect the photographic plate This fact is of biological importance 
because some chemical reactions wluch occur m the ammal body depend on 
ultra-violet hght The invisible heat rays of the infra-red spectrum pass 
through glass, otherwise we should not be able to recognize them There 
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A metal box filled with boiling water can be used as a source of heat radiation If the 
box IS uniformly white, the black bulb of an air thermometer of which the other 
bulb IS unblackened registers greater absorption of heat If one face of the box is 
black more heat is radiated from it 


are other heat rays which do not pass through glass A body which is heated 
to incandescence soon ceases to give off heat rays which pass through glass 
when It cools beyond the temperature at which it )ust ceases to be visible, 
although (as the experiment of Fig 109 shows) heat rays can be detected 
from a metal box filled with boilmg water. Thus a greenhouse is a heat trap 
It admits all radiations which pass through glass. These are absorbed, 
produemg a nse m temperature, which leads to the production of heat rays, 
which cannot pass through glass Dry air is highly transparent to the heat 
rays Water which permits visible light to pass through it with hardly any 
loss is*relaavely opaque jo mvisible heat rays, espeaalJy if a little alum is 
dissolved in it Some substances which obstruct visible hght are readily 
penetrated by mviSible radiation The X-rays of medical diagnosis are ultra- 
violet rays which can penetrate the tissues of the human body sufficiently 
well to aa upon an ordinary photographic plate. # ^ • 
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EXAMPLES ON CHAPTER III 

{These can be answered by making scale diagrams on graph paper) 

1 A concave mirror is 1 0 inches wide and i inch deep m the centre (neglecting 
the thickness of the glass) How far away must the chin be held to obtam the 
best magnification for shavmg? 

2 An extensible camera gives a clear image of a distant landscape when the 
lens is 8 inches from the ground-glass screen How far must the screen be 
extended to get a good photograph of the page of a rare book placed 2 feet 
from the lens? 

3 At what distance from the lens should the book be placed to get a repro- 
duction of exaedy the same size, and at what extension of the plate from the 
lens? 

4 To make a lantern slide of the same object quarter size at what distance 
from the lens must the book be placed, and how far must the plate be from 
the lens? 

6 A camera extends so that when the lens is H feet from the screen it gives 
a lile-si/e image of a bird’s egg in the nest At what length must it be focussed 
to snap a hawk hovering high overhead? 

8 A headlamp consists of an electric hght bulb placed at the focus of a con- 
cave mirror, and a diverging lens 9 mches in diameter and of focal distance 
12 inches placed 4 inches in front By how much will the angular divergence 
of the beam be diminished if the lens is shifted forwards by 2 mches? 

7 Make a diagram to show the images of a pomt placed nudway between 
two mirrors, and fonfirm your conclusion by standmg between two How is it 
that the moon’s image is replaced by a band of light when the sea is covered 
by ripples? Find the distance between the third and fourth image seen in each 
ot two mirrors 10 feet apart with an intervening object 7 feet from one of them 

5 Draw a diagram of the images formed by an object eqmdistant between 
two mirrors inclmed {a) at 90'", (6) at 00"’ How many images are formed in 
each case? 

9 A glass vessel 8 mches deep is filled with 

{a) methyl alcohol, whose mdex of refracuon is I 332 
{b) carbon bisulphide, whose index of refraction is 1 0 1 
(c) Canada balsam, whose mdex of refraction is I 52 
{d) etliyl ether, whose mdex of refraction is 1 352 

VC'hat is the apparent depth in each case? 

10 What is die apparent maximum north polar distance of any sfar ever 

visible to a fish in the River Thames (Lat 61 * 

1 1 If the mdex of refraction from empty space to ai» is 1 0003, find the 
true elevation of the sun above die horizon plane when the observed altitude 
1 $ 46*^ (Assume thar the farth is approximately flat ) 
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12 If a long-sighted person cannot see objects nearer than 60 cm. dis- 
tinctly, find the focal length of a spectacle lens which will enable him to see 
objects as near as 25 cm (clue — the lens must be capable of formmg an image 
at 50 cm of an object placed 25 cm from it) Will the lens be converging or 
divergmg? 

13 A short-sighted person cannot see clearly beyond 30 cm from the eye 
What kmd of lens must be used to enable him to see distant objects, and 
what will be its focal length? 

14 A myopic patient can see prmt best at 12 cm Find the focal length of 
a spectacle lens to extend his range to 30 cm 

16 In the practice of the optician the power of a lens of 1 metre focal length 
is said to be one diopter, that of a lens of 50 cm focal length 2 diopters, etc 
The -f sign mdicates a convergmg, the — sign a diverging lens Give the 
results of the three last examples in diopters with the appropriate sign 

16 Explam why the sun looks red m a fog How would the penetration of 
an arc lamp be affected by enclosmg it m red glass? 

17 If a prism is made of crown glass whose refractive mdex is 1 523, to 
what angle must it be ground to give a mmimum deviation of 25° ? 

18 With the spectrometer method of Fig 81 die minimum deviation for 
sodium hght is 29° 32' with a prism whose angle is 44° 46' Fmd the refracUve 
index of the glass for sodium hght 

19 White hght falls at right angles to one face of a prism whose vertex is 
25° For the end rays of the spectrum the glass of which it is made has refractive 
mdices 1 61 and 1 63 What is the angle of divergence between the visible 
limits of the spectrum? 

20 If the hght of the sun is passed through a small hole on to a screen, an 
image of the sun is formed, but if the aperture is a large one, an image of 
the aperture is formed Make a diagram to explam this In a pinhole camera 
the screen is placed 6 mches from the hole If the camera is at a distance of 
50 feet from a tree 20 feet high, and is on the same level as a point half-way up 
the tree, what will be the height of the image? 

21 Fmd the number of candles which at a distance of 420 cm will give 
the same lilummation as one candle of the same make placed at a distance 
of 60 cm 

22 If two electric glow.lamps of 30 and 16 candle power are placed 120 cm 
apart at the same height, at what pomts on the Ime through their centres do they 
give the same lUuminauon? 

23 ^y means of the grease-spot photometer (p 172) the intensities of two 
glow-lamps are compared The outlme of the grease spot disappears when 
the photometer is 83 cm from one lamp and 63 cm from the other On mter- 
changmg the lamps^and adjustmg the photometer till the grease spot disappears, 
the distances are now 50 cm and 77 cm Fmd the ratio of the intensities of ttie 
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24 The illumination produced by the light of the full moon fallmg per- 
pendicularly on a screen is the same as that of a standard candle at a distance 
of 4 feet What is the candle power of the moon, its distance from the earth 
being 240j()00 miles? 


THINGS TO MEMORIZE 

1 I aw of Reflection Angle of incidence = Angle of reflection 
1 SnelFb Law of Refraction Sm a = R sm r 
1112 

j Spherical Mirrors f ^ 
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CHAPTER IV 


THE WORLD ENCOMPASSED 
The Decline of Mere Logic 

The year 1543 was notable m the history of human knowledge for the 
pubhcadon of the De Revolutiomhm by Copernicus and ±e De Fabrica Humani 
Corpons by Vesalius One marks the beginnmg of a new epoch in man’s 
understanding of manimate nature, the other marks the begmmng of a new 
epoch m man’s imderstandmg of his own nature There were abundant reasons 
why the openmg years of the sixteenth century of our own era should have 
been signah/ed by a great advance in the study of the heavens In the three- 
quarters of a century which preceded the work of Copernicus, navigation 
had rapidly attamed a level far above any of the achievements of antiquity 
Mechanical clocks were becommg available for astronomical observatories 
Prmtmg made possible the distribution of new information and old sources. 
In this situation a more exact knowledge of the position of the planets had 
an immediate practical importance which has been expJamed m Chapter II 
(p 106) Although mechanical mgenuity had solved the problem of making 
standard (eg Greenwich) time portable m countries where sunhght is 
scarce, the clock was as yet — and was to remain for a long time to come — 
mcapable of recording standard tune over a long voyage So measurement 
of longitude was stdl contingent on more precarious sources of information, 
as, for instance, the occultation of a planet by the moon’s disc, symbolically 
represented by the Turkish national emblem 
The view which put the sun at the centre of the solar system was not 
new It had been antiapated by Aristarchus — perhaps likewise by the 
Pythagorean brotherhoods a century earher It had been rejected by Hippar- 
chus because there was no direct evidence for the annual parallax of a feed 
star or for the earth’s diurnal rotation The parallax of a feed star was not 
deteaed till three hundred years after the death of Copernicus, and the 
retardation of the pendulum at low latitudes (see p, 288), the first terrestrial 
expenence pomtmg to the earth’s axial rotation, was not recorded till fifty 
years after Kepler’s successful exposition of the hehocentnc doctrme In this 
chapter and the next one we shall see why the Copermcan view was bound 
to engage a sympathetic hearmg among those equipped to understand it, 
m spite of the absence of new evidence to meet the seemmgly decisive 
objections which could still be urged agamst it 
The mvention of wheel-dnven portable clocks made the determmation 
of longitude at sea a techmeal possibihty which began to be recogmzed m the 
fifty years that preceded the work of Copernicus and became a topic of absorb- 
ing mterest m the half century which followed its pubhcation Before the 
modem chronometer came mto use the two most simple methods were the 
observation of echpses and occultations of the planets by the moon’s disc 
Aside from occultations, when the declination as^ well as the R A of the 
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moon and a planet are idenucal (within about a quarter of a degree), the 
astrological lore of the medieval world attached considerable importance to 
the times when the R A of a planet is the same as that of the moon or sun 
(conjunction) and when they differ by 180° (opposition) The times of 
conjunctions and oppositions were therefore recorded m all ephemendes 
and m almanacs, before tables givmg the daily variation of the moon’s R A 
at a given station were available for the method of lunar distances 
Amerigo Vespucci (Fig 110) is said to have found his longitude when 
his ship was m latitude 10° N from the following observations At 7 30 p m 
by local time, i e 1\ hours after local noon, the moon was 1° E of Mars 
At midnight (local time) it had travelled to 5^° E of Mars Thus the moon 
had moved through 1^° in the same number of hours So it would have been 
in conjunction with Mars at approximately 6 30 pm local time On the 
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Fig 110 — How Amlkigo Vi^pucci I ound His Longitude by a Conjunction 
OP iHii Moon and Mars 


When tlic R A tif the moon is the same as tliat of a planet they are said to be m con- 
junction If their dccliniuon is also the same, the planet will be occulted by the moon’s 
disc If the declination ditfcrs by a small angle it is still possible to gauge when the 
R A of the two is tlic same by tlie naked eye The exact moment of the conjuncaon 
can be determined by successive observations of their local co-ordmates (azimuth 
and zemth distance) From these the R A can be calculated by the spherical triangle 
formula given on page 1 ‘J “> 


same date his almanac prepared by Regiomontanus recorded a midmght 
conjunction of Mars at Nuremberg So when the time at Nuremberg was 
12 p m It was 0 30 p m at the ship’s position Local time was 5| hours 
behind Nuremberg Hence, he calculated that the ship was x 15° = 82J° 
west of Nuremberg In addition to this example, Marguet (Histoire de la 
Longitude de la Mer^ etc ) cites others Columbus soqght a port to observe the 
time of opposition of Jupiter and the moon in the 1493 voyage In February 
and April of 1520 Andres de San Martm, the “best tramed pilot” of 
Magellan’s expedition, observed conjunctions of planets “accordmg to 
the instructions of Faleiro who had composed a treatise on longitudls for 
the special use of this expedition ” 

The words m itahcs show that mappmg out the track ^f the planets was 
no longer a merely academic issue It was a substantial problem of technology 
in the age of the gre^t ^navigations So the announcement of the doctrme of 
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Copernicus fulfilled an immediate social need Not less important is the 
fact that the mvention of spectacles proved to be the midwife of an mstru- 
ment which weakened the inherent plausibility of the opposmg view The 
telescope revealed the planets as bodies with phases hke the moon (Fig 111), 
shinmg with reflected hght like ourselves, enjoymg night and day as we do, 
and having moons revolving round them like our own Observations on the 
sun’s spots showed that the sun rotates about its own axis So there is 
nothing outrageous in supposing that we may do the same 



Fig 111 — Tnr Planets’ Phases, Mars above, Venus below 

Hitherto very little has been said about the motion of the planets The 
account of the heavenly Jbodies given in the first two chapters was mainly 
concerned with the apparent motion of the sun and the feed stars While 
observmg the stars, wluch seem to mamtam the same relative positions in 
the uniform rotation of the heavenly sphere, the pnestly astronomers of 
Egypt*and Sumena, and, it may be added, those of the calendar civihzauons 
of Antral America, recogmzed other bodies which do not have a feed 
position m the celestial sphere, nor retreat steadily among the feed stars m 
one direction like the sun and moon Five of these bodies,^ Mercury, 
Venus, Mars, Jupiter, and Saturn, were known to ihe^ncients. The extreme 
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brilliancy of two of them — Jupiter and Venus — sufficiently explams the 
attention which their vagaries attracted Three of them might be seen at 
some periods on the meridian in the course of the mght At such tunes 
mghtly comparison showed that they seemed to be retreatmg slowly m the 
direction opposite to the sun’s annual or the moon’s monthly moaon The 
other two, namely Mercury and Venus, are never seen throughout the whole 
of any night Lach may be seen alternately as an evening star setting within 
three hours after sunset or as a mommg star nsmg shortly before daybreak 
The brightness of Venus makes it conspicuous m the twihght almost as soon 
as the sun sets and long before the brightest fixed stars are visible. 

Owing to the brightness of the planets it is easy to recognize — in 
fact, diflicult to avoid notiang — that their position among the fixed stars 
changes Durmg one month a planet may be cast of a particular star, and may 
rise or set farther south Next month it may be seen west of the same star, nsmg 
or setting perhaps farther north Thus the R A and decimation of a planet 
can be seen to change without recourse to measurement The same times 
of rising and setting or of the meridian transit of any fixed star recur after a 
year So the history of any fixed star m the course of one year is the same 
as Its history in the preceding or succeedmg year This is not true of the 
planets For mstance, if you had watched for Venus month by month durmg 
10d4 and 19^ witli the naked eye, you could have recorded its history as 
follows In January 1934 Venus was a bnlhant object settmg m the early 
evening sky At the beginnmg of Febiuary it was mvisiblc By the begmmng 
of March it was a monung star nsmg witffin an hour before sun use In May 
11 was still a morning star nsmg just before daybreak, and might be just visible 
before daybreak m June, July, August, and September In October and 
November it was not visible At the end of December it was visible just after 
sunset, also in January 1935 In February 1935 it was a bnght star m the 
evening sky tor about two hours after sunset, remaimng a conspicuous 
evening star till August, and in September agam mvisible (see also Fig 63) 

1 he history ol Mars during the same penod was briefly (Fig 112) as follot^s 
in January and Febiuary 1934 Mars might be just visible for a short while 
alter " unset During March, April, May, and June, it would be hardly visible 
at any time In July it would be visible before sunrise m the early hours, 
rising soon after midnight from August to December, but never on the 
meridian before the morning twilight In January 1935 it rose before mid- 
night and crossed the meridian before morning twihght By Apnl it was 
rising before sunset, crossing the meridian about midnight By the end of 
June it was scttuig just before midmght, and had passed the meridian at 
sunset It Rmained an evening star, being still jiv?t visible m twihght after 
sunset from September to December 

Each planet has us own cycle or synodic penod m which it gets back to 
the same position relauvc to the earth and the sun That of Venus is 584 
days It >ou look up Whuaker^s Almanack for 1984 and 1935 you wiU see 
that on March 12, 1934, the R A of Venus, then at greatest brilliance, was 

2 hours 37 mir utes behind the sun, and it was then a mommg star Its R A 
was 2 hoips 3( [minutes behmd the sun on October 13, 1935, 2 hours 38 
mmutes on October l^tb^ and 2 hours 43 nunutes on October 23rd So it had 
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returned to its original position with reference to the earth and sun (see 
Fig 63) on October ITth, 584 days later The interest which was excited 
by the cycles of the planets in ±e pnestly cultures of anuquity is illustrated 
by the following citation from a recent account of the calendar of the extinct 
Maya civilizauon of Central America The Maya calendar contained five 
different long cycles, a year of 365 days, a year of 3G0 days, a period of 
260 days, a lunar year based on the lunar month, and the Venus cycle 
Accordmg to the source ated * 



XII 

Fig 112— The Track of Mars in 1934-35 

The planet Venus was the object of an important cult The revolution of 
Venus occupies a little less than 584 days, five of these Venus years equalled 
eight mean solar years (584 x 5 = 2,920, 365 x 8 = 2,920) The Mayas, 
however, were well aware*that the Venus year was actually less than 584 days 
They knew itS length to the second decim^ pomt The actual period is 683 92 
days, and to correct this error the Mayas dropped four days at the end of every 
sixty-(jne Venus years, and at the end of every three hundred Venus years eight 
days were dropped This system was so accurate that had the Maya Venus calen- 
dar contmued to function umnterruptedly up to the present day, the error over 
this penod of ovei^a thousand years would not have amounted to more than 

* Field Museum of Natural. History, leaflet No. 2£;, pp, 67-8fi 
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a day Such an accurate knowledge of the cycle of Venus, the revolutions 
of which are by no means regular, pomts to centuries of sustamcd observauons 
Up to the present, no deity m the Maya pantheon has been sausfactorily idenu- 
fied with Venus In Mexico, however, Quetzalcoatl was closely associated with 
Venus as the Mormng Star In addition to Venus, the planets Mars, Mercury, 
and Saturn, were closely observed, and their phases accurately calculated When 
one recollects that the Mayas were dependent solely on the naked eye for 
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Fig U3 

The mfciior planets, Mercury and Venus, have always passed the meridian when they 
become visible or have not yet reached it when they cease to be visible Since it is 
customary to represent east on the nght'hand side of a map, and also because the 
horizon plane rotates eastwards to meet die sun, the figure is drawn so that the South 
Pole IS nearest an extra-terrestrial observer Venus is at maximum elongation west of 
the sun as a morning star, and east ol the sun as an evemng star 


their observauons, one is astounded at the grasp they had on the movements of 
the heavenly bodies In various ciues regtilar lines of sight existed for the 
observation of the equinoxes, solstices, and other important points of the 

tropical year, notably at Uaxactun, Copan, and Chichen Itza 

• 

The prease positions of the inferior planets Mercury and Venus, which 
are only visible as mornmg or evening stars, cannot be gauged by the methods 
which we have mentioned m Chapter II Smee they never cross the observer’s 
meridian by mght (Pi^ 1J3), we cannot find the R A or decimation of either 
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of them by recordmg the time and zenith distance at meridian transit To 
trace out the motions of the planets we have to know how to calculate the 
right ascension or decimation of a heavenly body from observations upon its 
position when it is not on the meridian Even for mappmg daily the entire 
course of the moon’s monthly cycle, the methods wluch we have used so 
far are not wholly sufficient, because on several days the moon will not be 
visible at its time of transit It is not necessary to watch for the time of transit 
of a celestial body to detemune its co-ordmates in the celestial sphere (R A 
and decimation) With the help of spherical trigonometry we can find the 
R A and decimation of a heavenly body, if we know the local time and the 
local co-ordmates (azimuth, altitude, or zemth distance) and latitude G)n- 



The horizon bearing or alutude is 90° — z d The zenith distance / d is measured by 
the arc TZ or the flat angle ZOT in the azimuth plane The meridian bearing or 
azimuth is the arc NQ which m degrees is the flat angle NOQ or the angle between 
the meridian plane NZS and the azimuth plane ZOQ 

versely, the navigator need not wait for a heavenly body to cross the meridian 
to find his latitude provided that he has a star map, or an almanac givmg 
tables of the declmauon of the stars 

The local co-ordinates of a star when it is not on the meridian have already 
been defined on page 48„and will be understood with the help of Figs 114 
and 115 In Chapter II we have seen how to represent the position of a star 
m the heavenly sphere by small arcles of declination parallel to the celestial 
equator and great circles of R A mtersectmg at the celestial poles Such a 
map is* true for all places,*and relevant to any time of the year At any” fixed 
moment at a particular place we can represent the position of a star by small 
circles of altitude paarallel to the circular edges of the horizon and great circles 
of azimuth mtersectmg at the zemth (Fig 114) The altitude circles are num- 
bered by their angular elevation aboVe the horizon plape, just as decimation 
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or latitude circles are numbered by their elevation above the equator plane. 
An azimuth circle is numbered m degrees off the meridian by jommg to the 
observer the ends of an arc on the horizon plane mtercepted by the mendian 
and the azimuth circle, m just the same way as a circle of longitude is num- 
bered by the angle between the end of an arc of the equator mtercepted by 
It, the centre of the earth, and the pomt where the equator is cut by the 
Greenwich meridian The azimuth of a star is therefore its east/west beanng 
with reference to the meridian If you have mounted your home-made 
astrolabe or theodolite of Fig 115 to revolve vertically on a graduated base 


f 



hiG 116 — HoMfc-MADh Apparatus for Measuring Azimuth as well as Z D , 
OR Altitude of a Star 

The matenals are three blackboard protractors (you can make these with a fret- 
work set), a piece of iron tube (gas pipe), and a plumb-lme The object at which the 
insirument points has azimuth 70“ Last of North 


set so that 0® points due south or north, the azimuth of a star is the angle 
through which you have to turn the sightmg tube (or telescope) on its base, 
and the altitude is obtamed by subtractmg from 90'’ the zemth distance 
If the protractor is numbered reversibly from O'" to 90® and 90® to 0®, you 
can, of course, read off the altitude at once 
In a modem observatory the declinauon or RA of a heavenly body 
can be found when it is not on the mendian with an mstrument c^ed an 
equatonal telescope A simple type of equatonal telescope can be made 
by fixmg a shaft pointmg straight at the celestial pole and mountmg a tele- 
scope (or a piece of steel tube) so that it can rotate any required angle 
about the shaft itself as axis (Fig 116) If the telescope is now clamped at 
such an angle as to* point to a paruculaf star, we can follow the course of the 
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Star throughout the night by simply rotatmg it on its free axis without 
lowering it or raismg it If it is set by very accurate modern clockwork so that 
It can turn through 360° m a sidereal day (i e the time between two meridian 
transits of any star whatever), it will always point to the same star Since it 
rotates about the celesnal axis the tilt of the telescope is the polar distance 
of the star, and if the clock is set at 0 (= XXIV) hours when the Furst Pomt 



Fig 116 


A simple “equatorial” made with a piece of iron pipe and wood The pipejwhich 
serves for telescope rotates around the axis A /ixed at an angle L (lautude of the 
place) due north When it is clamped at an angle PD (the “polar distance” of the 
star or 90® — Declm ) you can rotate it about A as the star (S) revolves, keepmg S 
always m view 

of Anes crosses the mendian, the R A of the star is the sidereal time at 
which the telescope hes vertically above its axis of rotation If you compare 
Figs >16 and 117 you therefore find httle diflSculty m seemg how it is 
possible to measure the celestial co-ordinates of a heavenly body at times 
when its transit is pvisible, and if you are satisfied that it can be done, the 
next few pages can be deferred till you have read the ensuing sections on 
the hypotheses of Copernicus and Kepler. On the pthci-hand, you will find 
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It beneficial to work through it, when you have done so, if you wish to 
understand the final section of this chapter on the dating of ancient 
monuments 

THE SPHERICAL STAR TRUNGLE 

In the time of Copernicus and Kepler it was not possible to make clocks 
sufficiently rehable for the construction of an equatorial mstrument, and 

XcnitK 
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biG 117 — Apparent Rotation oe the Celestial Sphere 

T he posuiuii of a 6tar ( I ) in die eelcsiial sphere may be represented by a pomt where 
a small circle ot declination which measures its elevauon above the celestial equator 
intersects a g’-cat circk of Right Ascension All stars on the same dechnauon circle 
must cross the mciidnn at the same angular divergence from the zemth and are 
above the observer*3 horizon tor the same length of ume m each twenty-four hours 
The arc PT or Hat angle PC 1 measures the angular divergence of the star from the 
pole (polar distance) and hence is Hir — Declm All stars on the same great circle of 
R A cross the meridian at the same mstant The angle between two R A circles 
measures the didcicnce bciutcn their times of trarsit The angle h measured from 
the meridian westu ird between the plane of the mcrichan and the R A circle of the 
star is the angle tlirough which it has rotated smee it last crossed the meridian If 
the angle is 1 it crossed the meridian one hour ago So h is called the hour angle 
of the star It die hour angle is h degrees, the star made its transit h — \5 hours pre- 
viously The hour angle is usuallj expressed in time umte 

the determinauon of Declination or R A from measurements off the meridian 
could only be accomplished by a more devious method which calls for some 
knowledge of spherical trigonometry This will now be explamcd Figures 
traced out on the surface of a sphere are called spherical figures Thus two 
parallels of latitude and two meridians of longitude enclose a sphencal 
quadrilatei^ The pecuhanty of such figures is that all their dimensions arc 
measured m fraction^ pf the circumference of a circle, i c m degrees If three 
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Fig 118 — Intersecting Flat Planes on which 1 hree Great Circles 
OF A Sphere Lie 

This shows a globe in which three flat planes have been sliced through two meridians 
of longitude (along PA and PB), and through the equator (AB) Fach of these planes 
cuts the surface of the terrestrial sphere m a complete circle, tlie centre of which is 
the centre of the sphere Where they mtersect on the surface they make the comers 
of a three-sided figure of which the sides are all arcs of great circles, 1 e circles with the 
same centre and the same radius as the sphere itself Such a figure is called a spherical 
triangle It has three sides, PA, PB, and AB, which we shall call b (opposite B), a 
(opposite A), and p It has also ^ee angles B, A, and P (PBA, PAB, and APB) What 
you already know about a map will tell you how these angles are measured The 
angle APB is simply the difference of longitude between the two pomts A and B 
marked on the equator, and it is measured by the mclination of the two planes which 
cut from pole to pole along the axis of the globe You will notice therefore that, since 
the earth’s axis is at right angles to the equator plane, the plane of AB is at right angles 
to the plane of PA and of PB, and smee we measure angles where two great circles 
traced on a sphere cut one another by the angle between the planes on which the 
great circles themselves he, the spherical angle PAB is a right angle, and so is PBA 
Thus the three angles of the sphencal tnangle arc together greater than two right 
angles, an important difference between spherical triangles and Euchd’s triangles 
In practice, of course, it is a lot of trouble to draw a figure like this So we measure 
the angles m one of three other ways which only involve fiat geometry, which we have 
already learnt These are ^ 

(a) The geometry method The angle BPA between the sphencal sides PB and PA 
IS the same as the flat angle RPQ between the tangents RP and QP which touch PB 
and PA at their common pomt, 1 e the “pole” P of the equatorial circle 

(b) 'fhe geography method Rcmembenng that BPA is simply the number of 
degrees of longitude between A and B, you will see that it is simply the number of 
degrees in the arc cut off where the great circles on which PB and PA he intersect any 
circle of lantude, 1 e hiy circle of which the plane is at right angles to the line jotmng the 
two poles where the great circles intersect above and below 

(c) The astronomy method This is illustrated m the n4,xt figure 
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intersecting great circles, i e circles of which the centres comadc with that 
of a sphere, arc traced out on its surface, the figure bounded by three of 
their circular arcs is called a sphencal mangle Its three sides (A, B, C) 
are measured in degrees, analogous to degrees of lantude along a mendian 
of longitude Its three angles (a, b, c) are measured like the angular differ- 
ence between meridians of longitude The arc which measures the angle 
between them is the arc cut off by the two great circles from the equator 
where the sphere meets the plane drawn midway at nght angles to the axis 
through the pomts where the great circles intersect This is explamed m 



Fig 119 

1 he angle QFb between the arcs QE and SE is the angle QOS between their inter- 
secting planes, and 

QOS = 90° ^ QOZ 
POZ = 00° - QOZ 

So the angle between two sphencal arcs ts the angle between the poles of the great circles 
on which they he 

Figs 118 and 119 You will not find it difficult to visualize the meanmg of 
a sphencal mangle if you think about one of the most elementary problems 
of navigation, calculating the shortest course of a, ship between two ports 
The shortest course on the earth’s spherical surface is the flattest arc 
which can be traced between two places The flattest arc is the arc of the 
arcle of largest radius, i e that of the sphere itself Hence the shortest 
course is the arc of a great circle This forms one side (Fig. 122) of a spTiencal 
mangle of which the other two arcs are two mendians of longitude — also great 
cirdes The length of these two arcs (Fig 122) is known ifthc latitude of each 
port IS known, and the angle between them is the difference of longitude So 
finding a ship’s course ic finding the length of the third side of a sphencal 
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Fig 120 

With the aid of the key shown in the next figure the two fundamental formulae for 
the soluuon of spherical triangles such as ABC m this one can be deduced from the 
formulae for solvmg ^t triangles given in Fig 66, Chapter II, 

PQ® = PO* + QO» - 2PO QO cos a 
PQ* = PA* + QA» - 2PA QAcosA 
(PO* - PA*) -f (QO* - QA“) - 2PO QO cos a -f 2PA QA cos A = 0 
2PO QO cos a = 2AO* + 2PA QA cos A 
Divide through by 2PO QO, then 

AO AO PA QA 
cos a - PQ QO PO QO ^ 

= COS POA cos QOA -f sm POA sm QOA cos A 

— cos b cos c 4* sm 6 sm c cos A 

The formula for gettmg the third side (a), when you know the other two {b and c) 
and the mcludcd angle A, is, therefore 

cos a = cos b cos c + sm 6 sm c cos A ( 1 ) 

— cos A sm 6 sm c — cos b cos c — cos a 

cos* A sm* b sm* c =* cos* b cos® c — 2 cos a cos b cos c + cos® a 
Now make the substitution cos* A = 1 — sin* A, etc 
(1 — sm* A) sm* b sm* c ~ {I — sm* b) (1 — sm* c) 

— 2 cos a cos b cos c + (1 — sm* a) 

Gxn* b sm* c — sm* A sm* b sm* c = 1 — sm* b — sm* c 

+ sm* b sm* c — 2 cos a cos b cos c -}- 1 — sm* a 
After takmg away sm® h sm* c from both sides this becomes 

“ sm* A sm* b sm* c =- 2 — sm* a — sm* b — sm* c — 2 cos a cos b cos c 
Just by lookmg at this you can see that the nght-hand side would be the same it 
we had started with 

cos c — cos a cos b + sm a sm 6 sm C 
m which case we should have found 

-• sm* C sm* a sm* 6 = 2— sin* a — sm* b — sm* c — 2 cos a cos b cos c 
Hence we can put 

— sm* C sm* a sm* 6 — sm* A sm* b sm* c 

Dividing by — sin* b, we get 

sm* C sm* a =» sm* A sm* c 
sm C sm a — ± sm A sm e 
^ , smAsme 

or smC = ± 


sm a 


( 4 ) 


192 Science for the Citizen 

mangle if we know two others and the angle included between them This 
can be done by usmg the first formula m Fig 120 

Flat mgonometry gives us rules for finding any of the other three dimen- 
sions (A, B, C, ay by c) of an ordinary triangle, if we know one side (a, by or c) 
and any two of the remaining dimensions (two other sides, two angles or 
an angle and a side) There are analogous rules for the solution of spherical 
triangles The fundamental rule is 

cos a = cos ^ cos c + sm ^ sm c cos A . (1) 

This is analogous to and derived from the flat mangle formula shown in 
Fig 56 

a> =3 6* + — 2bc cos A 

Fig 56 also shows a second formula for flat mangles 

a sm C ^ c sm A 

smA=^ orsmC= 

c a 

The corresponding formula for spherical mangles is 


^ sm c sm A 

sm C = 

sm a 


( 2 ) 


With the aid of a paper model as directed m Figs 120 and 121 you will 
be able to overcome the difficulties of envisagmg figures drawn on a sphere, 
and to see how the formulas for solution of sphencal mangles follow from 
those for flat triangles To apply them correctly you will need to recall some of 
the more elementary formulae m flat mgonometry^ and the convention that 
angles measured east of a Ime of reference are negative You will probably 
hud It helpful to practice the use of the first formula by examples like the 
one shown m Fig 122. Most atlases give the length of the ship’s course 
between large ports, and you can therefore check your answer The distances 
are usually given m sea miles (1 ' of the earth’s circumference, 1 e a great 
circle of the terrestrial globe is 360 x 60 sea miles) 

1 o find the R A of a star off the meridian it is first necessary to find its 
decimation with the cosme formula (1) The local position of every star at 
any mslant can be placed at the comer of a sphencal mangle (Fig 123) 
like the Bnstol-Kmgston mangle of Fig 122 One side (5), like the polar 
distance of Kmgston, is the arc between the celestial pole and the zemth 
along the prime meridian The elevauon of the pole is the lautude (L) of the 
observer So b — 90° — L One side (c), like the polar distance of Bnstol, 
is the arc between the star and the zemth on its own great circle of azimuth 
This arc is its zemth distance (c = z d ) The angle A between its azimuth 
cncle and the prime meridian which cuts it at the zemth is its azimuth 
(A = azim ) Between the ends of these two arc5 passes the great circle of 

^ sm A — cos — A), cos A - sm (90® — 
sm A ^ -sm (-A) = sm (180® —A) 
cos A = cos (—A) = —cos (180® —A) 
cos (IbO'^ Li A) = —cos A,i^m (180® dbA) = Tsin A 
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right ascension which joins the star to the celesual pole, and the length of the 
arc between the star and the pole on its R A circle is its polar distance Since 
the celestial pole is 90° from the celesual equator, the star’s polar distance. 



1 he htitude of Bristol is r>r 2b' N ot the equator, and therefore 38° 34' from the 
pole, along the great circle of longitude 2° 35' W The latitude of Kingston is 18° 'j', 
1 C It IS 71° 55' from the pole along the great circle of longitude 7b° 68' W The arc 
joining the pole to Bristol (c), the arc joining the pole to Kingston (6), and the arc {a) 
of tlic great circle representing tlie course from Bristol to Kingston form a spherical 
triangle, ot which we know two sides {h and c), and the mcluded angle A, which is 
the ditlercnce of longitude 7G° ^)8' — 2° 35' — 74° 23' between the two places So 
wc can hnd a from the formula (i) in Fig 120 by putting 

cos a = cos 7 1° 65' cos 18° 34' sm 7 1° 55' sin 38° 34' cos 74“ 2 V 
brora the tables 

cos a -- 0 3104 X 0 7bl0 f 0 OKlb x 0 0234 x 0 2()'J2 
- 0 4022 

I hus a IS approximately 00 1° of a great circle, i c a circle of the earth’s complete 
circumference 1 he length of one degree of the earth’s circumference is approximately 
t'O miles So tlie distance is approximately 

bOJ X 09 = 4,677 land miles (3,980 sea miles) 


which IS the third side of our spherical mangle, is \he difference between one 
right angle and its dechnauon (a ~ — dechn ) Applying the formula 

we have 

cos (90^ — dechn ) = cos (90° — lat ) cos z d 

+ sin (90° — lat ) sin z d cos azun. 
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This may be written 

sm declin = sm lat cos z d + cos lat sm z d cos azim. 

In applying this you have to remember that we have reckoned azimuth 
westward from the north pomt The azimuth is reckoned positive west and 
negauve east of the north pomt If the star transits south of the zemth, the 
azimuth ± A reckoned west or east of the south pomt is eqmvalent to 180® T A 
from the north pomt Since cos (180® i A) = — cos A, cos (azim ) is always 


Zomth 

A 



of the opposite sign, if reckoned from the south pomt, and the formula 
becomes 

sm declm = sm lat cos z d — cos lat sm z d cos azim * 

This means that if you know the azimuth and zemth distance of a heavenly 
body at one and the same time, you can calculate its decimation without 
waitmg for it to reach the mendian You cannot get the latitude of the place 
from an observation on a star of known decimation directly by usmg the same 
formula, but if you have the z d and azimuth of any two stars taken at one 

* When a star is crossing the meridian its azimuth is zero or 180^" and smce cos 
0=1 and cos 180® =* — 1, sm declm == sm lat cos z d d= cos lat sm z d 

Smce sm (A ± B) — sm A cos B dh cos A sm B 

sm declm sm (lat ± z d J • 

This 18 the formula given m Fig 41 when no sign is attached to the z d 
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and the same place, you can calculate its latitude provided you have an 
almanac or star map to give the declination of the stars In general the 
anthmctic takes less time than waiting about for one bnght and easily 
recognized star to cross the mcndian 
Another apphcation of the formula just denved gives the direction of a 
heavenly body when nsmg or settmg at a known latitude, or conversely 
the latitude from the nsmg or settmg of a star. At the instant when a heavenly 
body is nsmg or setting its zemth distance is 90® Smee cos 90® = 0 and 
sm 90° = 1, the formula then becomes 

sm decim = cos lat cos azim 

On the equmoxes when the sun’s decimation is 0®, 

cos lat cos aam = 0 
• cos azim. =» 0 
•, azim = ^ 90® 

That is to say, the sun nses due east and sets due west m all pans of the world 
that day To find the direction of the nsmg or settmg sun at latitude 51 J® N 
(London) on Jime 21st, when the sun’s decimation is 23J° N , we have only 
to put 

sm 23J° == cos 61J® cos azim 
From the tables, therefore* 

0 3987 = 0 6225 cos azim 
cos azim = 0 6406 
azim = ^ 50J® 

Thus the sun rises and sets 50 J° from the mendian on the north side, or 
90® — 50J® = 39J® north of the east or west pomt Conversely, of course, you 
can use the observed direction of nsmg and settmg to get your lautude 
If you look at the star triangle shown m Fig 123, you will see that the 
angle C between the arc which represents the star’s polar distance and the 
arc hy which is the angle (i)0® — lat ) between the observer and the earth’s pole, 
is the angle through which the star has rotated smee it was last on the meridian 
Since the celesual sphere appears to rotate through 360® m 24 hours, 1 e 15° 
an hour, this angle C is sometimes called the hour angle of the star, because 
you can get the time (m hours) which has elapsed smee the star made its 
transit by dividing the number of degrees by 15 If you know when the 
star crossed the mendian by local time, you also know how long has 
elapsed smee the sun crossed the mendian because time is reckoned that 
way, and if you know the sun’s R A on the same day, you know how long 
has elapsed smee T crossed the meridian Thus all you have to do ♦^o get 
the star’s R A is to add the sun’s R A to the star’s time of transit 
So to get the star’s R A from its alutude and azimuth at any observed 
time, we need to determme one of the other angles of a spherical mangle of 
which we already know two sides and tfije angle between them This is done 
by the second formula^ which tells us that 
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^ Sin A Sin c 
sin C = 

sin a 


In our onginal tnangle of Fig 123, A is the azimuth, c is the zemth distance, 
and a the polar distance (90® — declm ) of the star, i e sm a = cos declm 
Hence 


$m hour angle 


$m azim sin z d. 
cos declm. 


As stated already, the azim uth is reckoned posiuve west and negative east 
of the north pomt Smce sm (— A) = — sm A, the sme of the azimuth is 
negative if thf star has not yet reached the mendian If it transits south of 
the zemth its azimuth A east of the south pomt is equivalent to (180® + A) 
measured west of the north pomt Smce sm (180® + A) = — sm A, the sme 
of the azimuth is also negative if measured east of the south pomt. 

Suppose that the star Betelgeuse m Orion is found to have the hour angle 
10® when it is west of the mendian at 8 40 p m local time It crossed the 
mendian H hour = 40 mmutes before, i e. at exactly eight o’clock, and its 
R A IS greater than that of the sun by 8 hours If the sim’s R A on that day 
were 21 hours 50 mmutes, the sun would transit 2 hours 10 mmutes before T, 
1 e T would transit at 2 10 p m , and Betelgeuse 8 hours 0 mmutes ~2 hours 
10 mmutes = 6 hours 60 mmutes after T So its R A would be 6 hours 
60 mmutes 

The same formula also tells you how to calculate the time of nsmg and 
settmg of stars m any particular latitude. At nsmg or settmg the z d of a 
heavenly body is 90®, and sm 90® = 1 So the formula becomes 


sm hour angle 


sm azun 
cos declm. 


The azimuth of a nsmg or settmg star can be found from the formula already 
given, 1 e 


cos azim 


sm declm 
cos lat 


As an example we may take the time of sunnse on the wmter solstice m 
London (Lat 61J®) By the last formula the azimuth of the nsmg and settmg 
sun IS 50J® from the south pomt on the wmter solstice So at sunset 


sm 60i® 

0 7679 
^ 0 9171 
= 0 8373 

For sunrise the azimuth will be east, therefore of negative sign, and the 
result IS —0 8373 jSmce 0 8373 is the sme of 56® 51', the time which elapses 
between settmg or nsmg and mendian transit (i e. noon, smce it is the sim 
with which we arc dcahng) is (66| — 15) hours, i e 3 hours 47 mututes Thus 
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sunrise would occur at 8 13 a m , and sunset at 3 47 pm Daylight lasts 
roughly 7^ hours This calculation differs by about 6 mmutes from the value 
given m Whitaker This is partly due to approximations made m the arith- 
metic, and partly due to other thin gs about which you need not worry, 
because you will not find it difficult to put m the refinements when you 
understand the basic prmaples 

The same formula would apply to calculatmg the times of sunset or sunrise 
on June 21st, when the lengths of day and mght are reversed Smce sm C 
= sm (180® — C), 0 8373 may be either sm 56® 51' or sm (180® — 56® 61'), 
1 e sm (123® 9') Fig 124 shows you at once which value to take An equa- 
torial star nsmg due east passes through 90° m reachmg the mendian A star 
south of the equator passes through a smaller and a star north 6f the equator 
through a larger arc So if the declination of a heavenly body is north (like the 
sun on June 215/), we take the solution as sin (180®— C), and if south as sin C 
Thus the hour angle of sunrise and sunset on June 21st would be (123 J — 15) 
hours = 8 hours 13 mmutes, 1 c sunnse would be at 3 47 am and sunset 
at 8 13 p m solar time * 

The foUowmg data, determmed by a home-made instrument like the one 
shown m Fig 115, illustrate how you can find the position of any star on 
the star map or make your own star map from observations off the mendian 
At 96pm (GMT) near Exeter (Lat 51° N Long 3J® W ) the bnght 
star Procyon m Cams Mmor was seen on February 10th at 49° below the 
zemth and 28J® east of the south pomt The star transits south of the zemth, 
so we use the difference formula From tables of smes and cosmes we get 

sm declm = sm 51° cos 49® — cos 51° sm 49° cos 28J° 

= 0 7771 X 0 6561 - 0 6293 X 0 7547 x 0 8788 
= 0 0926 
decimation 6° 18' 


Smce the star is east of the mendian its hour angle is negative, and 


sm (hour angle) = — 


sm 49® sm 28j° 
cos (6® 18') 

0 7647 X 0 4772 
0 9957 


Hour angle = — 21i® 


In time umts 2U° is 1 hour 25 mmutes, and smce the sign is negauve, this 
means that the star will transit 1 hour 25 minutes later On February 10th 
(39 days before March 21st) the sun^s R A is about 21 hours mmutes 
Under “equation of time** Whitaker states that we must add 14^ mmutes to 
apparent (sundial) time to get mean time Hence the time of observation was 
(9 hours 5 mmutes ~ 0 hours 14^ mmutes) = 8 hours 50J mmutes Green- 
wich sundial time Since Exeter is 3}® W , the Exeter tune is 13 mmutes slow 
by Greenwich (1 e it is 1 1 47 a m at Exeter when it is noon at Greenwich) 

* remarks here made apply to the northern hemisphere, where the bulk of the 

world’s population lives at present Australians and New Zeal^ders will not need to 
be told how to make the necessary ad)ustmeilts 
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Img 124 — Relation between RA, Hour Angle of a Star, and Local Time 

About April 16th and August 28th the sun's dechnation is a little less than 10® N and 
ns hour angle of rising and setting is i 103° The shaded area is the arc of the sun's path 
below the horizon on the earlier date when its R A is 1 hour 30 minutes The time is 
(April 16th) 2am (14 p m ) So the sun's hour angle is + 14 hours or — 10 hours 
The sun will transit 10 hours hence, nr will transit 10 hours — I hour 30 mmutcs or 
8 hours 30 mmutes hence Vega’s R A is 18 hours 35 mmutes, hence it transits 18 hours 
35 mmutes after and 5 hours 26 minutes before Therefore Vega will transit 
8 hours 30 mmutes —5 hours 25 minutes or 3 hours 6 minutes hence, and the hour 
angle of Vega must De — 3 hours 6 mmutes or + 20 hours 66 mmutes The formula 
for the star’s R A if its hour angle at a given mstant of solar time is known is therefore 
derived as follows 

sun's hour angle — star's hour angle = star's R A — sun's R A 
Solar time — star's hour angle = star’s R A — sun’s R A 
star's R A = ^n's R A -{■ solar time — star's hoar angle 

Thus, if Vega's hour angle is + 20 hours 55 mmutes or — 3 hours 6 mmutes at 14 
p m when the sun's R A is 1 hour 30 mmutes 

R A,of Vega = 1 hour 30 mmutes + 14 hours 0 mmutes — — 3 hours 6 mmutes) 
= 18 hours 86 mmutes 

Or us mg positive quantiaes only 

•= 1 hour 30 mmutes + 14 hours 0 mmutes — 20 hours 66 mmutes 
— 6 hours 26 mmutes^ =4-18 hours 35 miq^itcs • 
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So the tune of observauon by the Exeter s^undial was really (8 hours 50J 
minutes — 0 hours 13 minutes) = 8 hours 37| p m The star then had still 
to rotate 1 hour 25 minutes before transit So transit would occur at (8 hours 
38} minutes + 1 hour 25 minutes) = 10 hours mmutes'pm, le 10 
hours 2 \ minutes after the sun’s transit The sun on that day transits 21 hours 
35 minutes after T, and hence (24 hours 0 mmutes —21 hours 35 mmutes) 
= 2 hours 25 mmutes before T, i e T transits at 2 25 p m on that day 



In Ptolemy system four classes of motion were recognized 

(0 The diurnal rotauon of the whole heavenly sphere from east to west In this 
mouon the stars m-untain a constant position relative to one another A heavenly body 
(moon, star, or planet) west of tlie sun rises before sunrise A heavenly body east of 
the sun sets after sunset In the posiuon here drawn, Venus and Mars are seen as 
“morning stars,” Mercury and Jupiter as “evening stars ” 

(ii) The daily increase of the moon and sun in R A as they retreat from west to east 
(ill) Two independent motions of each planet, one the epicycbc orbit of the planet 
about an imaginary fixed point, the other the deferent orbit of this fixed pomt around 
the earth as world centre The deferent motion was analogous to the daily increase of 
the sun’s or moon’s R A The epicychc motion might have, e g when Mars is at 
(u), the same dircaion, or, e g when Mars is at (6), the opposite direction to the 
deferent motion Hence planets may have alternate periods m which the R A mcrcases 
daily and slouly dimimshes 

Hence the star’s transit was (10 hours 2} mmutes — 2 hours 25 mmutes) 
=7 hours 38] mmutes after T, i e the R A of Procyon is 7 hours 37 J mmutes 
if the observations were correa With the best mstruments the value given is 
7 hours 36 mmutes " 

THE ALEXANDRIAN VIEW OP PLANETARY MOTION 

When these methods are applied to the observation of the position of the 
planets day by day over a penod of years, the latter arc all found to be alike 
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in one respect Each planet exhibits long penods m which its R A increases 
steadily like the R A of the snn or moon, altematmg with shorter penods 
in which Its R A diminishes at a slower rate, so that it appears to pause 
and double on its course at regular mtervals The times when a superior 
planet* like Mars transits near imdmght and is visible throughout the mght 
correspond to the tunes when its apparent motion is retrograde, or m the 
opposite direction to the annual motion of the sun and the monthly motion 
of the moon among the fixed stars At the time when the motion of such a 



In the Copernjcan system only three classes of motion need be recognized 

(a) the earth’s diurnal mouon about its own axis from west to east, (6) the moon’s 
orbital mouon from west to east, (c) the orbital mouon of all planets (mcluding the 
earth) from west to east In the positions here shown Mars and Jupiter are m opposi- 
uon, 1 e on the meridian at midmght Mercury is at its extreme easterly posiuon 
(maximum elongauon) as an evemng star Venus is at its extreme westerly posiuon 
(maximum elongauon) as a mommg star Neither of them can ever be seen on the 
meridian after dark 

planet is most rapidly direct it is mvisible That is to say, it rises and sets 
about the same time as the sun Thus there is a very close connexion between 
the apparent movements of the planets and their position relauve to the sun, 
as we^see them This connexion was recogmzed by the Egyptians, who 
beheved that the whole celestial sphere, mcluding the sun, rotated around the 
earth as the centre, and that the planets rotated round the sun as the moon 
rotates around the*earth. They placed the orbits of Mercury and Venus cor- 

» 

^ I e a planet whose orbii*lies outside that pf the* earth, 

nif * 
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rcctly between the sun and the earth This explained why Mercury and Venus 
can never be seen throughout the whole night, since they can never be above 
the side of the earth opposite to that which is illuminated by the sun*s rsiys 
The theory which Hipparchus, and later Ptolemy, took from ApoUomus 
was a decidedly backward step Each planet (Fig 125) moved around an 
imagmary centre m an orbit called its epicycle Each imagmary centre was 
placed at the end of an imagmary or deferent spoke rotating round the earth 
Itself While accoimting for the retrograde and direct motion of the planets, 
the theory of epicycles could recognize no significance in the connexion 
between the different phases of a planet’s motion and its position relative to 
that of the sun 

Its great defect was that it made the geometry of the heavens a good deal 
more comphcated than the alternative view that the planets revolve around 
the sun, and the more accurate observations, which had been accumulated 
by the Arabian astronomers m the penod which followed, made mcreasmg 
demands upon mathematical mgenuity, as new epicycles were added to 
accommodate the theory with the facts Copermcus, as we have seen, began 
his work when the forecasting of planetary occultations was becommg a 
matter of practical moment, and the possibihties of further improvement 
on the Ptolemaic system had been exhausted There remamed the alternative 
of starting from fresh assumptions Copernicus went back to the doctnne 
of Aristarchus and put the sim at the centre of the whole planetary system, 
includmg the earth as a planet (Fig 126) Havmg no telescopic information 
to reveal their different sizes as seen at different phases, he stuck to the 
ideahstic behef that each planet moves m the most perfect plane figure, the 
circle T his assumption is so nearly true of Venus and Mars that it does 
not mvolve very serious maccuracies, and makes it easier to understand 
how the position of a planet is calculated So we may here suppose that the 
orbits of Venus and Mars are circles 


THE HYPOTHESIS OF COPERNICUS 

T he hypothesis which Copermcus adopted may be summarized under four 
headmgs 

(1) The apparent diurnal rotation of the celestial sphere is due to the 

complete rotation of the earth about its polar axis m a penod of 
24 hours 

(2) The moon revolves around the earth m a period of 27 J days 

(3) The earth and the planets revolve in circular orbits about the sun in 

the same direction as the earth’s diurnal /notion 

(4) The orbits of Mercury and Venus he between the sim and that of the 

earth, while the orbits of Mars, Jupiter, and Saturn, he beyond the 
earth’s orbit ^ 

The tracks of the planets he close to the echptic So it is better to calculate 
their positions m celestial longitude and latitude (see p * 220) as Copermcus 
did For the purpose of grasping the principles employed m tracmg out their 
orbits it will be sufSqent for our purpose if we use nght ascension to measure 
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their angular displacements This is equivalent to projectmg their movements 
on to the plane of the celestial equator 
The first thmg to nouce (Fig 127) is that it does not make any difference 
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Fig 127 

Since the earth and sun are very close relative to the distance of the fixed stars (i c 
the annual parallax of a star is very snaall) the direcuon of the stars may be measured 
eith^rom the earth as centre (Ptolemaic) or the sun as centre (Copermcan) without 
making much difference 


to the measurem&t of the sun’s R A whether we put the earth or the sun 
at the centre of the star map To calculate the position.of a planet accordmg 
to the Copermcan hypothesis we need to know tWoithmgs, (a) its distance 
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relative to the sun, (b) its sidereal period (P), i e the time which it takes to 
go round the sun In the case of the inferior planet Venus, all we need to 
know IS (i) the greatest elongation, i e the greatest difference between the 
R A of Venus and of the sun in the course of a Venus cycle, (ii) the length 
of the synodic period or Venus cycle, which has been explamed already (see 
p 1 82) The greatest elongation happens, of course, when the planet is farthest 
east or west of the sun In other words, when the mterval between its settmg 
and sunset (or its rising and daybreak) is longest A glance at Fig 128 shows 



Fig 128— Maximum Elongation of an Inferior Planet 

The R A of Venus is the angle cy EV and the R A of the sun is y ES The difference 
or elofigaiwn is SEV Tins is evidently greatest when the line (EV) joining the earth 
to the planet just grazes tlie latter’s orbit, i e when LV is the tangent to the circle of 
radius SV, and therefore at right angles to hV In a certain year, when Venus was at 
that tunc an evening star, the clongauon wis greatest durmg the first week in July 
The sun’s R A was then o hours So minutts or 14° in Cancer and the R A of Venus 
was 10 hours I minute or 30° oft the first point of Libra (^) The elongauon SEV 
was therefore (K>0 — 104)° 46° The radius ot the earth’s orbit is SE, that of the 

orbit of Venus is SV and since the triangle SVE is a right angled triangle 

SV 

^ = sm 46° — 0 72 

1 hus the rauo of the orbits ot Venus and the earth are as 72 lou 

you that this is when the angle between the sun, Venus, and the earth (SVE) 
IS 90® The same figure (Fig 128) shows that the angle between the sun, the 
earth and Venus (SEV) is the difference between ,the sun*s R A anii that 
of Venus, i e the elongation of the planet So at maximum elongation the 
sun, the earth and Venus form a right-angled mangle m vvhich 


sm SEV 


SE 
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, , ^ radius of the orbit of Venus 

sin (maximum elongation) = — 1 r-; t-t ; — 

radius of the earth s orbit 

The greatest possible angle between the sun and Venus is roughly 46 * 
Smce sin 46° = 0 72, the raUo of the earth’s distance from the sun to that 
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Fig 129 — The Venus Cycle 

On March 12, 1934, the sun’s R A was 352% being then 19° greater than that of 
Venus which was thus a morning star, nsmg before the sun On October 17, 1935, 
684 days later the sun’s R was 202% being again 39° m excess of the R A of Venus 

of Venus is 100 72 Hence you can take the first step in drawmg a scale 
map for showmg the relaave posiuons of the earth and Venus by describmg 
two cfrcles of radu in the ratio 100 * 72 with the sim as centra 
According to the hypothesis we are now adoptmg, the earth moves round 


* This is not exactly the same as the greatest diiference m R A For simphcity we 
here neglea the faa that Venus and th^sun do not usually have the same declination 
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360 360 

the sun through ^ degrees per day Suppose Venus moves through 

degrees per day This means that Venus takes V days to go round the sun 
/ 300 360 ^ 

It therefore gams f ^ j degrees per day We have seen (p 183) that 


the Venus cycle, i e its synodic period or the time taken for the earth, the sun 
and Venus to regam the same relative positions, is 584 days Thus Venus 
360 

gams 360° m 584 days or degrees per day, so that 


360 _ 360 m 

J- JL„ 

V ^ ^ 365 ~ 2920 

V == 225 days 


Thus the sidereal period of Venus is 225 days In other words, Venus rotates 
through degrees per day You can now see whether the hypothesis is 


satisfactory by observmg the R A of Venus on any particular day (Fig 130) 
and calculatmg what it will be at some later date Seventy-five days 
later Venus will have moved through 120° and the earth through 74° 
Accordmg to Whitaker on September 23, 1934, when the sun’s RA is 
180 (m degrees), the R A of Venus was 11 hours 8 mmutes or 167°, le 
Venus was 13° west of the sun and just about at the end of its penod 
as a mornmg star Seventy-five days later, December 7th, Venus would 


have revolved through X 360° = 120° and the earth would have 
75 

revolved through X 360° = 74° i,e the sun’s R A has increased by 


74°, and is now 254° If you now draw Venus and the earth in their new 
positions on your scale map, you will find that the R A of Venus is now a 
little greater than that of the sun Venus is begmmng to be an evenmg star 
The angle between Venus, the earth and the sun (the elongation of Venus) 
IS 5° Accordmg to Whitaker ^ the difference between the R A of Venus and 
the sun on December 7th was 0 hours 19 mmutes 37 seconds, or 5° 

The case of a superior planet like Mars can be dealt with m this way 
(Fig 131) First find the length of the Mars cycle, le the penod which 
elapses between two successive occasions when Mar^, the sun, and the earth 
occupy the same relauve positions This is easily done by notmg when 
Mars is in opposition, i e when it is on the mendian at midmght, and count- 
mg the number of days which mtervene before its .next midmght meridian 
transit If you refer to Whitaker^ you will see that Mars was m opposition 
(midmght mendian transit) on March 1, 1933, and it was pext m opposition 
on April 6, 1935, 766 days later This makes the Mars cycle 766 days So, if P 
IS the length of the sidered penod • 
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j._ J i__ 2_ 

P ~ 365 ~ 766 “ Wl 

The earth gets back to its original position (Ej) after 365 1 x 2 = 730^ days 
To the nearest day this is 34 days after Mars completes a sidereal period of 
697 days At the end of a sidereal period of Mars, the earth is therefore 
34® west of the position which it occupied at the beginning If we now 
find the R A of Mars, we know its elongation, the angle SEgB, as m Fig 131 


T 



Since the sidereal period of Venus is 225 days, Venus goes through 120° m 75 days, 
the interval between September 23rd and December 7th On September 23, 1934, 
the R A of Venus was 11 hours 8 minutes or 13* less than that of the sun (12 hours 
or 180°) On December 7th the R A of Venus, which has advanced through 120° of 
Its orbit, will be jfound to be 44° m excess of the sun (2634°) Thus its R A is 268° or 
17 hours 12 mmutes 


Since Mars was m opposition when the earth was at Ej,it was then situated 
somewhere on the line SE^A After 697 days it is somewhere on the line 
EgB According to the Copermcan view, it is presumably m the same place 
once more So it must be at M where these two hnes mtersect Hence 
we cah now put the orbit of Mars on the scale map by drawmg a circle of 
radius SM The radius of its orbit is then found to be 1 52 times that of the 
earth’s orbit • 

The reasomng given above and the figure based on it (Fig 131) need 
quahfymg The synodic period is not absolutely coQStanf The average length 
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of the Mars c>clc is nearly 780 days, and the sidereal period is therefore 687 
days Hypo±esis and observation can be tested m the same way for Mars 
and Venus The only thing which remains to be explained is the retrograde 
movement which the planets show As stated, the R A of a supenor planet 
like Mars dimmishcs daily when it is visible during the greater part of the 
mght, 1 e about the time when it is in opposition Fig 132 shows you how 
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Fig 1 U — Ihe Orbit of a Superior Planet 


About March 1, 1931, Mars is in opposition, the sun being roughly 20° from the 
First Point of Aries So it lies somewhere on the line SEjA By January 27, 1935, 
Mars has returned to the same posiuon m its orbit 7 he sun*s R A is now about 64® 
west of -y and the R A of Mars is 1 ^ hours n mmutes, i e it is 19° m Libra It 
now lies somewhere on the line E^B The radius of the circle drawn throu^ M 
where E,B and E^B cut is 1 62 times SE, or SEj, the radius of the earth’s orbit 
Hence Mars is one and a half times as far away from the sun as the earth is 


this happens* The sidereal period of Mars itself is a httle less than twice 
that of the earth (687 365) For simphcity, consider an imagmary planet M 
which revolves hke Mars in an orbit U times the width of the earth’s orbit, 
taking exactly twice as long as the earth to make a complete revolution 
So, if the earth goes through 40°, the imagmary planet goes through 20° m 
the same time On the left, the earth is shown in two positions at the begm- 
mng of March and the imddle of April In the first it is ^jpproachmg, m the 
second at opposition You will see that the R A of the planet changes from 
180° + a (a off the fifst'pomt of Libra^ to 180° h Smee h is manifestly 
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smaller than a, the R A of the planet is dimimshmg daily at this stage m 
Its course On the nght, the planet is approachmg conjunction It is just 
seen after sunset at and is totally obscured by the sun when it has moved 
on through 20® to M^, Meanwhile the earth moves from Ea to E^ through 40® 
At Mft the planet is m Pisces, at m Anes, and its R A is therefore in- 
creasing daily 

Before deahng with the imperfections of the Copemican hypothesis one 
result may be pomted out Early estmiates of the sun’s distance like that of 
Hipparchus were very maccurate Owmg to its great distance the sun’s 



Fig 132 — ^Retrograde aiw Direct Motion of a Planet 


The outer planet M takes twice as long to traverse its orbit as the inner one E Hence 
when E goes through 40°, M rotates through 20° Their relative motions resemble 
what a passenger m one tram would experience if travelling m a circular track con- 
centric with another one on which a tram was also movmg When E and M are close 
they are travelhng m the same direction and E is gaming on M The mouon of M is 
then retrograde, i e the R A of M is decreasing When M and F are in opposite side 
of their orbits they are travelling in opposite directions and both motions make the 
R A increase So the motion is direct 

parallax is only about 9 '" or 400 of a degree The Copemican hypothesis 
gives us a simple way of estimating the sun’s distance without recourse to 
the direct measurement of such a small quantity Havmg now made a scale 
map (Fig 133) of the orbits of the planets by combining Fig 128 with 
Fig 131 and others like them, we can at once deduce the distance between 
the sun,and any planet if we can find the actual distance between any points 
on our scale Thus we can use the parallax of the nearest planet to get the 
sun’s parallax For instance, the distance between the earth and Venus when 

• 100 y2 

the latter crosses the sun’s disc is — — times or only about a quafter of the 
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distance between the earth and the sun A minor planet Eros discovered in 
the latter half of the mneteenth century comes withm a distance equivalent 
to a sixth of the radius of the earth’s orbit By deterrmnation of the parallaxes 
of near planets like Eros, Venus, and Mars, we know the sun’s parallax with 
great accuracy and the average distance deduced is about 93 milhon miles. 
This estimate agrees very closely with two other estimates based on the 
optical phenomena of aberration and Ime spectra (see Chapter VI) A fairly 
close approximation to the diameter of the sun can be got without telescopic 
equipment Smee the moon’s disc just covers the sun m a total echpse, the 
sun’s angular diameter is very nearly the same as that of the moon That is 



1 iG I i i — Slalii Diagram of the Orbits of the Four Inner Major Planets 

to say, It IS roughly half a degree So the sun’s diameter calculated m the 
same way as the moon’s is between three-quarters of a milhon and one 
million miles 

THE IMPERFECTIONS OF THE COPERNICAN HYPOTHESIS 

Calculauons based on the Copermcan assumpuon that the orbits of the 
planets are circular do not yield conclusions which are sufficiently accurate 
Detectable errors were recognized before the advent of the telescope and all 
the refinements of measurement which followed it An immense array of 
new data about the planet Mars collected by Tycho Brahe m the latter half 
of the sixteenth century made it possible to analyse the movement 6f Mars 
more thoroughly than Copernicus or his predecessors had done If, mstead 
of determmmg the radius of the orbit by drawmg a circje through the pomt 
M where E^A and EjB intersect in Fig 131, we note the successive positions 
of the earth after several complete sidereal cycles bcgmnmg on different dates, 
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Fig 134 — The Ellipse 

Since the loop is of fixed length, the stun of the distances a ^nd h of any point from 
the two foa is the same Half the sum is d m the diagram, i e a + b - 2d 

The clhpse is symmetrical about t^o unequal diameters One, called the minor axis, 
at right angles to the hne between the foci, joms the opposite pomts where a ^ b = d 
It m is half the mmor axis Fig (c) shows you that 

^2 = c/2 ^ c’* (i) 

The other, called the major axis, is a contmuation of the Ime joining the two foci 
You will see from the diagram, m which half the major axis is called M, that 

M = a + c and M = 6 — c 

2M = <2 + ^ 2d 

M = d (u) 

We call the rauo of c, the distance between the centre and the focus, to d, the distance 
along the major axis from the centre to the boundary, the eccentnetty of the elhpse, i c 

« = or c = de 
^m^ - d=» - {dey 

= (I (m) 

= M" (1 ~ e^) 



Combimng (u) and ^ui) 
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we can map out its entire course by the method illustrated m Fig. 135, which 
actually refers to the planet Mercury An exammation of all Tycho Brahe’s 
data led Kepler to the conclusion that Mars does not move m a circle with 
the sun as centre The orbit is an eUipse with the sun at one focus. 

To understand Kepler’s laws we must be acquamted with some simple 
properties of the ellipse An ellipse is the figure which can be drawn with a 
pencil, two pms and a piece of cotton as m Fig 134 The position of the 
two pms represent the two “foci” of the elhpse If the two foa of the elhpse 



arc very close together it becomes undistmguishable from a circle The 
connexion between the circle and the ellipse is brought out more preasely 
by the index known as eccentricity {e) The broadest diameter of an elhpse 
IS eallcd Its ma)or axis 1 he narrowest is called the ramor axis The two foa 
lie on the ma)or axis If wc measure along the maior axis the distance of either 
focus from the boundary in both directions, the ratio of the difference between 
the greater and smaller distance to the length of the major axis is called the 
eccentricity of the ellipse If its eccentricity is 0, the two foci comade and 
an elhpse becomes a true circle The geometry of the ellipse (Figs J34 and 
13()) shows that e can also be defined as * 
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So if we say that the eccentricity of the orbit of Mercury is 0 2, we mean 
that 


(0 2)8 = 1 ~ 


imnor axis\8 
major axis J 


1 e the mmor axis and major axis are m the ratio 49 50 Smce the eccen- 
tricity of the orbit of Mercury is more than twice that of any of the other 
major planets (except the newly discovered planet Pluto) it is clear that ±e 


'Miruxr 



Fig 136 — The Equation of the Ellipse 


+ (x cf = -{■ 2cx + (iv) 

=y^ -{-(x ~ cy = 3/2 + - 2cx + (v) 

Adding the left-hand side of (iv) to the left-hand side of (v) and the right-hand side 
of (iv) to the nght-hand side of (v), we get 

= 2y^ + 

Subtract (v) from (iv) 

— 4cx = 4dex 

Since -b^ (a -h h) (a - b) 

(a + &) (a — 6) = 4dex 
2d {a -b) == 4dex 
a — h — 2ex 

(a - by = 4eV 

or d^ — 2ab + 6^ = ie^x^ , (vu) 

Take (vu) from (vi) 

2a6 == 23^2 + 2x2 - 4^2x2 -f 2d^e^ 

Add (vm) and (vi) 

2 ab — 4y^ + 4x* — 4^2x2 -f 4d®e® 

(a + by = 43^2 ^ 4x2 (1 _ ^2) ^ 4^2^2 

But (Fig 136) {a + by = (2d)2 

4d2 = 43;* + 4x2(1 - ^2) -f 4^252 
d\= y2 -f a: 2(1 - e2) + c/2^2 

- dh^ =y^ xKl - e^) 

I = >:! + ^ 

<P(l - ^ 

m‘ ^ M= 


From (u) and (m) 
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Copcrnican doctrine of circular orbits is not very wide of the mark The 
eccentnaties of the orbits of Venus and Mars are respectively 0 007 and 
0 093 So the orbit of Venus is very nearly a perfect circle. 

In his first study on Mars, Kepler had to work on the assumption that the 
earth’s orbit is practically circular By good fortune it happens to be so The 
eccentnaty of the earth’s orbit is only 0 017 So the orbit of Mars is deci- 
dedly more flattened With the aid of Figs 134 and 136, which give the 
Cartesian equation of the elhpse, you will be able to see how Kepler’s first 
law can be tested Havmg made a graph of the actual positions, measure 
the greatest width (ma)or axis) and the perpendicular width through the 
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Fig 137 — Plotting the Earth’s Orbit 
1 he dates of perigee and apogee are Kepler’s They are now about 1 days later 


midpomt of the longest diameter This will be the minor axis Fig 136 
shows you that, if an elhpse is drawn with the minor axis lying along the y 
and the major axis along the x reference lines, 



From this you can tabulate correspondmg values of x and jy, since m and M 
are known If Kepler’s first law is a good one, the points deduced from 
the equation should he closely m the same curve as those based on direct 
observation Having satisfied himself that the figure was not a true circle, 
Kepler explored mneteen hypotheses before he found one which was entirely 
satisfactcry 

The puhhcauon Kepkt’s analysts of the otbit of Mats ms unmcdxaxjdy 
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followed by the mvenuon of the telescope With new optical equipment it 
was now possible to measure smaller angles With refined measurement the 
angular diameter of the sun is seen to vary appreciably m the course of a 
year That is to say, the earth is nearer to the sun at some tunes than at 
others The distance at any time is mversely proportional to the apparent 
size So if we make a date circle along the radu of which the earth hes at 
different times of the year, as m Fig 137, we can measure off distances 
proportional to the actual distance of the sun on any day If we first measure 
off SA as the earth’s distance on December 31st (when the earth is nearest 
to the sun), and find that on July 1st the sun’s angular diameter is x times as 
large on December 31st as on July 1st, the earth’s distance SB on July 1st, 
IS SA — X In this way we can plot out the earth’s orbit from day to day 
Although It IS very nearly circular — far more so than the accompanying 
figure would suggest — it is easy to detect that the earth does not move m a 
circle with the sun as centre If you draw a series of elhpses of different 
eccentricities by the method shown m Fig 135, you will find that the foci 
can be relatively far apart without producmg a very noticeable departure 
from the shape of a arcle If the foa are far apan either of them must 
be decidedly nearer to one end of the major ams than to the other Measure- 
ment of the form of the earth’s orbit shows that the sun is at one focus of 
an ellipse Although the elhpse is very nearly circular, the extreme distances 
of the earth from the sun differ by qmte a considerable quantity, namely 
three milhon miles 

KEPLER’S LAWS 

Tycho Brahe had refused to accept the Copermcan view Rejectmg the 
Ptolemaic epicycles which gave no account of the relation of the behaviour 
of the planets to their propinquity to the sun, he adopted a compromise 
essentially the same as the earher Egyptian doctrme The earth remamed 
at the centre, but the planets revolved around the sun The recogmtion 
that the sun’s apparent annual motion is not a perfect circle was a severe blow 
to ideahsdc dogmas which had reigned unchallenged for centimes Ten 
years after the pubhcation of his work on Mars, Kepler broke boldly away 
from the geocentric view of the umverse and restated the doctrme of Aris- 
tarchus and Copermcus m the three laws which usually bear his name 
These are 

1 The earth and the planets move in elhpses with the sun at one focus 

2 The radius vector of a planet’s motion describes equal areas m equal 

times 

3 The square of the sidereal penod (T) of any planet bears a constant 

ratio to the cube of its mean distance (d) from the sun, i e 



If the year is the unit of time and the mean distance of the earth from the 
sun is taken as the umt of distance, the periodic times and mean, distances 
of the planets at Kepler’s time are* given approxmatcfy m the following 
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table, from which you will see that their raUo is constant to about the same 
degree of accuracy as the figures themselves 


Planet 

T 

d 

T»-d* 

Mercury 

0 24 

0 39 

0 971 

Venus 

0 61 

0 72 

0 997 

Earth 

1 00 

1 00 

1 000 

Mars 

1 88 

1 62 

1 006 

Jupiter 

11 86 

6 20 

1-000 

Saturn 

29 46 

0 64 

1 000 


Kepler’s account of the movements of the planets was not more satis- 
factory than the hypothesis of Ptolemy because the case was stated wi± 
greater logical subtlety, because it placed greater rehance on mathematical 
mgenmty, or even because it was simpler to grasp It was more satisfactory 
because it could help people to do things. If we want to know when and where 
to put a telescope to see a planet m the sky, Kepler’s recipe helps us m situa- 
tions when Ptolemy’s recipe would lead us astray If we want to know when 
and where to look for an occultauon of Mars, Kepler’s hypothesis shows 
us how to make an almanac which will be serviceable for a long while ahead 
Ptolemy’s hypothesis could not A scientific hypothesis is not a passive 
prediction of future events It is an active prescription for human conduct 
For a long while to come the Copermcan doctnne m its new form was still 
open to the objection that no annual parallax of the fixed stars could be 
detected by the mstruments then available Its umversal acceptance by the 
scientific world was ensured by the fact that the earth’s diurnal rotation and 
the laws of Kepler received independent confirmation from new knowledge 
about laws of motion to be explamed m the next chapter. The recogmtion 
that the apparent paths of the sun and planets are not perfect circles was a 
far more drastic step than we might suppose In the age of Kepler, science 
was only beginnmg to shake off the Platomc teachmg which seeks to arrive 
at truth by logical argument based on self-evident prmciples and verbal 
defimuons Plato taught that the heavenly bodies must move m orcles 
because the circle is the most perfect figure Ptolemy had founded his system 
on the self-evident prmaple that the whole celestial sphere rotates around 
the earth. Argumg from these premisses his logic was flawless The success 
of Kepler’s calculations started a steady dechne m the behef that logic is a 
sulfiaent guide to truth 

To recapture the atmosphere of the time we may recall a type specimen 
of Aristotle’s astronomy “ The shape of the heavens is of necessity 
spherical, for that is the shape most appropriate to its substance and also by 
nature primary Every plane figure must be either rectilmear or curvi- 
linear Now the rectilinear is bounded by more than one hne, the curvihnear 
by one only If then the complete is prior to the incomplete, it follows on 
this ground also that the circle is primary among figures, and the sphere holds 
the same position among sohds Now the first figure belongs to the first 
body, and the first body is that of the farthest circumference ” Contrast these 
words with those of Francis Bacon “It cannot be that axioms discovered 
by argumentation.^ should avail for the discovery of new works, smee the 
f 
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subtlety of nature is greater many tunes over than the subtlety of 
arguments . Radical errors in the first concoction of the mind are not 
to be cured by the excellence of functions and remedies subsequent 
We must lead men to the particulars themselves, while men on their side 
must force themselves for a while to lay their nouons by and begm to 
famihanze themselves with the facts ” 

The supremacy of fact over logic, the use of logic as an mstrument to be 
cahbrated contmually by recourse to fact, is a lesson which every branch of 
science has had to master. If we may gam profit from the record of man’s 
growmg knowledge of nature, we may be sure that saentific study of social 
mstitutions will be possible when our econonusts “lay their notions by and 
begm to famihanze themselves with the facts ” One by one the natural sciences 
have abandoned the self-evident prmaples of Anstotle Logical deductions 
from the self-evident truth that nature abhors a vacuum have proved imable to 
suggest the proper way of pumpmg water out of a mme, and the self-evident 
truth that bodies fall where they belong is not particularly useful when we 
come to calculate the path of a projectile The past history of human culture 
shows us that a high level of saentific attainment m isolated fields has 
flounshed when men have been forced to brmg their behefs to the bar of fact 
and use them as reapes of soaal conduct That the soaal saences have not 
passed out of the stage from which the natural saences were emerging in 
the time of Kepler is suflSaently evident from the followmg exposition of 
The Nature and Significance of Economic Science by Professor Robbms 

We have not yet discussed the nature and denvaoon of Economic Laws , . 
It will be convement, therefore, at the outset of our mvesogauons, if, mstead 
of attempting to denve the nature of Economic Generalizations from the pure 
categories of our subject-matter, we commence by examinmg a typical speci- 
men It IS a well-known generalization of elementary Price Theory that, 
m a free market, mtervention by some outside body to fix a price below the 
market price will lead to an excess of demand over supply Upon what 
foundations does it rest? 

It should not be necessary to spend much time showing that it cannot rest 
upon any appeal to History The frequent concomitance of certain phenomena 
in time may suggest a problem to be solved It cannot by itself be taken to 
imply a defimte causal relationship It is one of the great merits of the 

modern Philosophy of History that it has repudiated all claims of this sort, and 
indeed makes it the fundamentum divtstonts between History and Natural 
Science that history does not proceed by way of gcneralizmg abstraction 
It is equally clear that our behef does not rest upon the results of controlled 
experiment our belief m this particular generalization and many others 
is more complete than behef based upon any number of controlled experi- 
ments But on what, then, does it depend? In the last analysis, 
therefore, our proposition rests upon deductions which are impliat m our 
initial defimtion of the subject-matter of Economic Science as a whole 

This passage bnefly summarizes every attitude to knowledge discarded 
by the natural sciences m reachmg the prestige they now enjoy The natural 
saences owe their prestige to the fact that they provide man with the means 
of regulating his soaal condua Thoy are able to <Jo this because science 

I 
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rests on a wholesome distrust of logic, except m so far as the results of a 
logical process are tested contmually by return to the real world. Sprat, 
Bishop of Rochester, m the first history of the Royal Society, which he 
speaks of as an “enterpnse for the Benefit of Human Life by the Advance- 
ment of Real Knowledge^^^ devoted the beginmng of his narrative to the way 
in which real knowledge is gamed His r^sum^ of the scholastic tradition is 
worth quotmg side by side with the precedmg extracts from a contemporary 
economist 

They began with some general definitions of the Thmgs themselves, accord- 
mg to their umvcrsal Natures, then divided them mto their Parts, and then 
out mto several propositions, which they laid down as Problems These they 
controverted on both sides and by many mceties of Arguments, and Citations 
of Authorities, confuted their Adversaries and strengthened their own Dictates 
But though tlus notional War had been carry’d on with far more care and 
calmness amongst them than it was Yet it was never able to do any great 
Good towards the Enlargement of Knowledge, because it rely’d on general 
Terms which had not much Foundation in Nature and also because they took 
no other Course but that of Disputing 

Some folk seem to think that the human imagmation is impoverished by 
acceptmg the supremacy of fact over mere logic So it is hedthy to recall 
the eloquent fervour with which Kepler began the announcement of his 
doctrine 

What I prophesied two-and-twenty years ago, as soon as I discovered the 
five solids among the heavenly orbits — what I firmly believed long before 
I had seen Ptolemy’s Harmomes — what I had promised my friends m the 
utle of this book, which I named before I was sure of my discovery — what 
sixteen years ago I urged as a thmg to be sought — that for which I jomed 
Tycho Brahe, for which I settled in Prague, for which I have devoted the best 
part of my life to astronomical contemplations, at length I have brought to 
light, and rccogni/ed its truth beyond my most sangume expectations It is not 
cightec n months since I got the first glimpse of hght, three months since the 
dawn, very few days smee the unveiled sun, most admirable to gaze upon, burst 
upon me Nothing holds me, I will mdulge my sacred fury, I wiU triumph 
over mankind b> the honest confession that I have stolen the golden vases of the 
Egyptians to build up a tabernacle for my God far away from the confines of 
Egypt If you forgive me, I re)oice, if you are angry, I can bear it, the die is 
cast, the book is written, to be read either now or by posterity, I care not 
which, It may well wait a century for a reader, as God has waited six thousand 
years for an observer ! 

PRECESSION AND THE DATE OF ANCIENT MONUMENTS 

In Chapter I reference has been made to the work of Sir Norman Lockyer 
and others on early calendncal monuments With the aid of the methods 
dealt with in this chapter the principles of onentation can now be made more 
exphcit The possibihty of datmg archaeological remams of this type is based 
on ahgnment to greet the nsing or settmg or — m th^ case of the Great 
Pyramid — transit of stars The azimuths and transit elevation of stars depend 
on their ‘declination w^jich changes in* the course of centimes owmg to pre- 
I 
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cession While the positions of the stars with reference to the plane of the 
echptic do not change, the axis of the celestial equator rotates about the 
echpnc axis (Fig 138) at an angle (the obhquity (e) of the echptic) which 
varies only very shghtly in the course of millennia between the limits 22*" 35' 
and 24® 13' during the whole penod of historic time Accordmg to the 
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f iG, 138 — The Precession of the Equinoxes 

The posmon of the stars with reference to the plane of the celestial equator slowly 
changes, but remains constant with reference to the plane of the echptic From the 
standpomt of an earth-observer (i e accordmg to the geocentric view) this slow change 
IS equivalent to a rotation of the plane of the celestial equator about the pole of the 
echptic at approximately constant mchnation (23J°) to the echptic Consequently the 
celestial pole revolves aroimd the pole of the echptic at the same angle, and any bright 
star on the circle of its revolution will be a Pole Star at some time durmg the course of 
a complete cycle of about 26,000 years The pomt of intersecuon of the equator and 
echpuc shifts along the echptic in the same direction as the diurnal motion of the 
celestial sphere Hence the vernal equinox which m the time of Hipparchus occurred 
when the sun occupied the same relative posiuon as Aries now occurs when the sun 
IS m Pisces, though the node<v' is still called “The First Pomt of Aries ** The two 
“Pole Stars” shown are, of course, different ones — not two positions of the same one 

Ptolemaic view (Fig 138), the nodes or pomts of mtersection of the sun’s 
apparenf path with the celestial equator shift m the course of a year about 
50J seconds of an arc along the echptic circle m the direction opposite to the 
sun’s annual retreat •Accordmg to the Copermcan view (Fig 139), the pre- 
cession of the cqmnoxes results from the slow rotation of the eartji’s polatj 
axis about the axis of the echptic at approximately constant mchnation (e 
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to the latter The result is that the sun’s position among the fixed stars on the 
vernal equinox has shifted from the constellation of Anes to Pisces smce 
the time of Hipparchus, though the node is still called “the first pomt of 
Anes” denoted by the zodiacal sign for the ram (t) 

The explanation of the geocentnc view of planetary motion given m this 
chapter is based on the observed change m the R A of a planet The trace 
obtamed is not the true orbit, but the projecuon of the orbit on the plane of 
the celestial equator Actually the planets move close to the plane of the 
eclipac, and a closer approximauon to the true orbit is obtamed by plottmg 
their movements m celestial longitude As stated on p 105, celesti^ longi- 
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Fig 139 — The Precession of the Equinoxes 

I'fom Uic standpoint of a sun observer (heliocentric or Copcmican view) the Pre- 
cession can be regarded as analogous to the wobble of a spinning top Tlie earth’s 
polar axis rotates slowly about the pole of the echptic and the earth’s equator revolves 
at the approximately fixed mclination of 23 to the plane of the earth’s orbit This 
rotauon means tliat the north pole, which is tilted sunward when the sun is “m C^cer,” 
will be ulted away from the sun m Cancer a half-cycle (i 26000 — 13,000 years) later 

tude and latitude have the same relation to the axis and plane of the echptic 
as R A and decimation to the polar axis and the celestial equator Great 
circles of longitude mtersect at the pole of the echptic )u$t as great curclcs 
of R A (Fig 141) mtersect at the celestial pole, and longitude is measured 
like R A eastwards from T Latitude is measured by elevation above the 
plane of the echptic )ust as decimation is measured by elevation from the 
celestial equator, and colatitude (90° — Lat ) is analogous to polar distance 
Though xins system is less useftil for ready calculauons for geographical 
use. It has special advantages for observations earned on over long penods, 
because the position of the stars with reference to the p^ane of the ecliptic is 
fixed So the lautude of a star, i e its elevation above the echptic plane, is 
not affected by ptecess^on and its longitude mcreases 50^ seconds of an arc 
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per year. The sun’s celestial latitude is always zero, and its motion m longi- 
tude IS more nearly uniform than its motion m R A If we know the latitude 
and longitude of a star at one date we can therefore find it easily at another, 
and we can calculate the change m R A and decimation due to the rotation 
of the nodes if we know how to convert observations from one system of co- 
ordmates to the other We can then calculate the azimuth and times of rising 

Sun. “Marck 21 

Bedui 0'^ Lat O' 



Fig 140 — Ecl. ric and Equatorial Co-ordinates of the Heavens Superimposed 

IN A Plane 

By representing both the latitude and declinauon parallels as circles m conformity 
with Fig 51 a distortion of the great circles of longitude and Right Ascension is 
produced 

or settmg of stars at different periods m the history of the earth The solution 
of the pipblem also illustrates the method for determmmg the true orbit of 
a planet 

Smce longitude and R A are both reckoned from the mtersection (T) of 
the plane of the echf)tic and equator, i e the sun’s position on the vernal 
equmox, T is 90° from the pole (E) of the ecliptic along the great •cncle of 
longitude 0° and 90° from the celestid pole (P) along the great arde R,A Ob. 
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(see Fig 141) The pole of the ecliptic, the celestial pole, and form three 
comers of a sphencal triangle of which 

EP IS the colaatude of the celesual pole or the polar distance of the 
ecliptic pole and is equal to the obhquity of the echptic (approxi- 
mately 23|®) 

Et = 90° = Pt 
/ <Y’EP = the longitude of P 
/ tPE - 360° - R a of E- 

So applymg the cosine formula for sphencal mangles 

cos Et ” cos EP cos Pt + sin EP sin Pt cos tPE 
, cos 90° = cos 23^° cos 90° + sin 23|° sin 90° cos tPE 
cos tPE = 0 
tPE = 90° 

Similarly 

cos Pt = cos Et cos EP + sin Et sm EP cos tEP 
cos 90° ^ cos 90° cos 23j° + sin 90° sin 23J° cos tEP 
. cos tEP = 0 TEP = 90° 

Thus the triangle EPt m Fig 141 is a nght angled mangle in which the 
side EP is (approximately) 23^°, the sides Et and Pt arc each 90° and the 
angles E and P arc also each 90° A sphencal mangle is also formed with the 
three corners E, P, S, corresponding to the poles of the ecliptic and of the 
celesual equator and a star S The two sides ES, PS, arc arcs along the longi- 
tude and R A mendians of the star respecuvely Smee tEP = 90° and tES 
IS the longitude of the star, 

PES = tEP — tES 
= 90° ~ Long of S 

Since tPE — 90° and tPS is the R A of the star, 

EPS — tPE 4- tPS 
-00° + R A ofS 

In the spherical triangle EPS therefore we have five quantities of which any 
two may be found, if the other three are known They arc 

EP = 23J° approximately 
ES = 90° — Lat (—colatitude) 

PS = 90° dechn (—polar distance) 

PES = 90° - Long 
EPS - 90° + R A 

Applying the cosme formulae 

(i) cos PS — cos EP cos ES + sin EP sm ES cos PES 

sm (dechn ) — cos 23^>° sm (lat ) + sm 23^° cos Oat ) sin Oong ) 

Til) cos ES — cos EP cos PS + sm EP sm PS cos EPS 

sm (lat )=cos 23^° sin (dechn )— sm 23^° go's (declm ) sm (R A 


* VSmee cos (90* 4-* A) — — sm A 
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Fig 141 — The Two Systeivis of Celestial Co-ordinates 

Celestial lautude and longitude give the direction of a star as seen from the earth’s 
centre with reference to the plane of the echptic (or earth’s orbit about the sun) 
Decimation and R A give its direction as seen from the earth centre with reference 
to the plane of the celesual equator (at right angles to the earth’s polar axis) Since 
the position of the stars with reference to the ecliptic plane is fixed the lautude of a 
star IS not affected by precession Longitude is reckoned like R A from the meridian 
which passes tlirough the node nr Smee this slowly retreats at 50 i seconds of an arc 
per year the longitude of any star increases by 50^^" per year Compare this figure 
carefully with Fig 48 in Chapter 2 by ultmg either through 


So if we know the R A and declination of a star we can calculate its celestial 
latitude, and if we know the celestial longitude and latitude of a star we can 
get Its declination by the cosine formula Similarly, applymg the sine formula 

sm EPS sm PES 
sm ES sm PS 

sm (90® + R A ) sm (90® — long ) 
sm (90® — lat ) ~ sm (90® ~ declm ) 
cos (R A) _ cos Qong ) 
cos (lat ) cos (dedm ) 


(m) 


cos/R A ) = 


cos (long ) cos (lat ) 
cos (declm ) 
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For a check to the formula we may calculate the azunuth of the nsmg May 
year (p 69 ) sun at the terrestrial latitude ( 6 r approximately) of Stonehenge 
To do this we need to know the sun’s declination on May 6 th The May year 
begins at a date half-way between the vernal equmox and summer solstice 
So the longitude is 45® The sun’s celestial latitude is always zero Thus 

sin (declm ) == cos 23j® sm 0 + sm 23^® cos 0 sm 45® 

= 0-1-0 3987 X 0 7071 
= + 0 28J9 
declm = + 16J® 

At 51 (terrestrial) latitude the azimuth of nsmg is given by the formula 


cos (azim ) = 


sin (declm ) 
cos (lat ) 


sm 16i® 
cos 51® 


= 0 448 

azimuth = 63^® (approximately), or 26]® north of the 
cast point Allowing for a slight change m the obhqmty of the echptic, this 
corresponds to the older May year alignment which Lockyer describes m 
addition to the solstitial setting (Fig 1) 

As a problem m assigning a date to archaeological remams the Great 
Pyramid will serve for illustration According to one theory tlie tunnel 
sloped to greet the transit of Soth^ or Sinus as we now call it To simphfy 
the issue we may calculate the dechnation of Smus 4,100 years ago, 1 e in 
2164 BC The present decimation of Sinus is (approximately) 16^® South, 
and Its R A is 6 hours 42 imnutes (approximately), or 101® To get its 
co-ordinates at the date mentioned we may first refer its position to the 
plane of the cdiptic, thus 


( 1 ) sni (iai ) = cos 23f sm (- 16^®) - sm 23J® cos (-16^®) sm 101® 
— — cos 23i° sm 161® — sm 234® cos 161® cos 11 ® * 

= - 0 6358 
lat = -- 39 5® 


( 11 ) 


cos (long ) = \- 


cos (- 16]®) cos lor 
cos 39 5) 
cos 16J® sm 11 ® 


cos 39 5® 
- 0 2371 


Since cos 76 3® = 0 2371 (approx ) 
cos (ISO® - 76 3®) = - 0 2371 
longitude = 103 7® 

1 he precessional shift is 50] seconds of an arc in the longitude of all stars 
per >ear Hence the increase smee 2164 bc is' (50] x 4100)'' or 


Since sin (,90 + A) = cos A, 
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60} X 4100 — 3600 degrees, i e 67 2° Thus the longitude of Sinus 
at that date was 103 T — 67 2° = 46 6'' So ±at the declination of Sinus 
at that time is given by 

sm (declm ) == cos 23^° sm (—39 6°) +sm 23^® cos (—39 6®) sm (46 5®) 
= - cos 23 sm 39 6° + sm 23i° cos 39-5^ sm 46 
= - 0 6833 + 0 2232 
= - 0 3601 
dechnation =21*1° S. 

The accompanymg figure (Fig 142), which should be compared with Fig 2, 
shows that if the angle of the Pyramid is approximately 62°, the beam of 



l^iG 142 — The Geometrical Relations of the Transit of Sirius to 
THE Great Pyramid 

Sinus striking its face at right angles when crossmg the meridian is elevated 
38° from the horizon The terrestrial latitude of the Pyramid is 30°, so that 
the angle which the star made with the celesual equator (i e its decimation 
at the time when it was built) was approximately — 22°, which diifers by less 
than a degree from the figure calculated, for the date assigned, with the aid 
of four-figure tables and approximate values for the obhquity of the cchptic 
and the angle of the Pyraimd Proceedmg m this way we get ~ 20 8° m 
2064 and — 23 6° m 2864 b c for the decimation of Sirius If, then, the tunnel 
was m Ime with the transit of Sinus, the Pyranud must have been com- 
pleted about 2400 b c To assign a more precise date a graph of more accurate 
values of decimations at different dates, as given m Lockyer’s book on 
Stonehenge^ can be prepared, and the date when the dechnation of the star 
agreed fhost closely with the architectural data can be read off from it 
The possibihty of dating a solar monument like Stonehenge depends on a 
different prmaple What wc call the summer solstice is the day on which the 
positive dedmauon of the sun is equivalent to the angle of obhqmty,|md since 
the mclmation of the equator to the edipuc is not involved m the precession 

u ^ 
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of the equinoxes, the precessional rotation does not affect the sun’s declination 
and therefore its azimuth of rising and setting on the solstice Actually, the 
observations which have accumulated from the tune of the Alexandrian 
Hipparchus and his Babylonian predecessors show that the obhquity of the 
ecliptic has changed very shghtly — less than a degree — since the beginning 
of recorded history Hence the sun’s dechnation, which is now about 231° 
on the solstice, was about 24° at the time when Stonehenge was erected, and 
this makes a perceptible azimuth diiference which can be detected by the 
ahgnment of an avenue placed to meet the rising midsummer sun 


EXAMPLES ON CHAPTER IV 

For these the reader will need Whitaker* s Almanack and a planisphere, which 
can be obtained from an educational bookseller for about 2s 6d or half a 
dollar 

1 With the aid of a map on which ocean distances are given, work out 
the distances by great-circle sailing from ports connected by direct routes 
What arc the distances between London and New York, London and Moscow, 
London and Liverpool? 

2 On April 2f)th, the sun’s R A bemg 2 hours 13 mmutes, the bearings 
of three stars were found to be as tollows, by a home-made instrument 

Azimuth Zenith Distance Local Time 

Pollux W 80^ from S 45° 9 28 pm 

Rcgulus W 28° from S 41° 9 39 p m 

Arcturus W 7 from N 31° 12 50 p m 

Find the declination and R A of each star and compare these rough estimates 
made at Lat 51)}' N with the accurate determinations given m Whitaker* s 
Alman > k 

^ To get the exact posiQon of the meridian a line was drawn between two 
posts in line w ith the setting sun on July 4th at a place Lat 43° N At what 
angle to this line did the meridian he? (Whitaker gives the sun’s dechnation 
on July ‘Ith as 23 ’ N ) What was the approximate time of sunset? 

4 It the R A ot Sinus is 0 hours 42 mmutes and its declmauon is 16|° S, 
hrul Its loeil times of rising and setung on January 1st at 

Gizeh Lat 30" N 

New York Lat 41° N 

London Lat 61i N 

Cheek witli planisphere 

6 Find the times of rising and settmg of the sun on February 9th, also the 
azimuth of rising and setting on the same date at the lautudes of London, New 
York, and Cape Town 

6 Fmd the times of rising and setting of Vega, a week before and a week 
after the vernal equmox at Lat 51° N Compare them with the umes of sunrise 
or sunset Give the azimuths of nsing and setting at the same latitude (R of 
Vega 18 hours 35 ir^uiutes, Declination 38° 43') 



The World Encompassed 227 

7 From the tables of RA and Decimation m Whitaker y make a graph 
of the times of nsmg and settmg of any star and of the sun throughout the 
year at your own latitude Hence find the date on which the star is seen rising 
and setting m mommg twihght (one hour before sunrise) or cvenmg twilight 
(one hour after sunset) Check with a planisphere 

8 Fmd the declmauon of Polaris and y Dracoms m the tune of Hipparchus 
(150bc) 

9 Accordmg to Fothermgham, the Chaldean astronomer Cidenas taught 
that Mercury was never more than 22*^ distant from the sun If its orbit were 
circular what would be the relative distances of Mercury and the earth from 
the sun? 

10 With the aid of three consecutive issues of Whitaker tabulate the R A 
of Venus and Mars for a sufficient period to determme the sidereal period of 
each planet, and determme the relative breadth of their hehocentnc orbits, 
assummg that they are the circular form 

11 Use the sidereal periods of the moon and one of the planets Venus, 
Mars or Jupiter, the R A of the moon and the R A of the planet chosen as 
given for the first day of the month m Whitaker y to calculate approximate 
umes of lunar conjunction and opposition durmg the ensumg lunar cycle 
Check from the same source 


THINGS TO IVIEMORIZE 


1 Solution of spherical tnangles 

cos a = cos b cos c -f sm b sm c cos A 

. sm a sin C 

sm A= ± 

sm c 

2 If Azim is reckoned from the south pomt 

sm Decl = sm Lat cos ZD— cos Lat sm Z D cos Azim 

When a heavenly body is nsmg or settmg 

sm Decl = — cos Lat cos Azim 


3 


^ , sm Azim sm Z D 

sm Hour Angle = ; 

cos Decl 


4 If Azimuth IS reckoned from the south pomt, cos Azim is posiuve for 
stars with southerly, and negative for stars of northerly, bear mg Sm Azim is 
reckoned negative when a star is east of the meridian 

^ ^ ^ „ distance between foci 

5 Eccentricity of ellipse = 

major axis 




1 - 


/mmor axis\® 


i) 


\major axisy 

6 Kepler’s Third Law.* If T is the sidereal period of a planet and d its 


distance from the sun, T^ 


7 See also the four formulae on pp 
longitude to decimation and R A 


d^ IS the same for all the planets 

222-3 relatmg celestial latitude and 



CHAPTER V 


WHEEL, WEIGHT, AND WATCHSPRING 
The Laws of Motion 

The determuiation of longitude m modem navigation and exploration depends 
upon companng local time as determined by the sun or stars with time at 
Greenwich^ as explained on p 79 This method has only been m use a 
hundred and fifty years Before then, it was not possible to construct clocks 
with sufiicient reliability to keep in step with standard time durmg a sea 



Fig U i — pRiMiTivTi Timepieces 

Before the introduction of clocks the early monasteries of northern Fiirope regulated 
the routine of daily ritual by the use of hour candles 1 he v^ord clock is derived from 
c/ochs, a bell The bell which tolled matins and vespers was once the village clock 
Hour-glasses of great anuquity were comparable to the device still used to time the 
boiling of an egg 

voyage The laborious method of lunar distances or the use of echpses and 
occultations, when they happened to be visible, were the only methods 
available when long-distance westerly courses were first undertaken in the 
closing years of the fifteenth century For practical purposes the use of the 
moon as a celestial signpost had two immense disadvantages One is that 
clear-cut moon signals suitable for observation with rough-and-ready in- 
struments at sea are comparatively rare events TJie other is that methods of 
finding longitude by relying on the moon’s posmon (as illustrated in Fig 37 
and Fig 110) are liable to involve a large error unless c^nection is made for 
parallax Thus the method of Amengo ated on p 180 gives a very poor 
result, and its use m ^Jhe Spamsh and Portuguese fleets would have been 

f 
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Fig 144 — Water Clocks 

Tlie clepsydras of the early Mediterranean civilizations were simply graduated vessels 
of conical shape to ensure a steady rate of flow as they emptied They were filled 
daily The mechanics of Alexandria made more elaborate devices which, so far as wc 
can be sure from the descriptions available, seem to have employed two pnnciples 
One was the float with an upright rod This might bear a simple pomter which recorded 
the hours on a vertical scale It might have a ratchet which worked a cog wheel carrying 
a pomter for a circular dial Alternatively a revolvmg mechanism somethmg like a 
water wheel m design was used Water clocks of this type were still used m seventeenth- 
century Europe The float clock shown m this figure is provided with a reservoir 
designed to mamtain a fixed rate of flow Hence it could be used to record hours of 
equal letigth Alexandrian cl(xks were not so made Before the mvention of the Arab 
sundial with its style pomting to the celesual pole the mterval from sunrise to sunset 
was taken as a unit of time, and the hours were not equivalent m different seasons 
In ancient clepsydras,%n adjustment was made by a plunger which varied the capacity 
of the vessel, and hence the rate of flow from it The bent tube on the right side of 
the float clock acts as a siphon wluch automatically empties the vessel, and thus makes 
possible the continuous record of time wiAout personal attention 
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impossible without the assistance of trained astronomers who accompanied 
their expeditions 

In 1714 the British Government offered a prize of £20,000 for the inven- 
tion of any means of determinmg longitude at sea with an error of not more 
than 30 nautical miles The prize was awarded for Harrison’s chronometer 




Fig 1 45 — 1 he water clock of Ctcsibius mv cnted about 250 B c had water dropping hke 
tears into a tunnel from the eyes of a statue A float mechamsm raised another human 
hguro with a pointer which mdicated the hours on a vertical cylinder Once in twenty- 
four hours the figure descended to the bottom of the column by a siphon mechamsm 
as shown m the previous illustration The siphon outflow worked a water wheel 
which very slowly rotated the cylinder dial, making a complete rotation in a year The 
graduation of the cylinder was adapted to the varying len^s of the hours throughout 
the seasons The gearing is not shown The curious feature of this device is the apphea- 
tion of so much ingenuity to conserve the seasonal hours w'hich preceded the mvention 
of the Arab sundial It is said to have been installed m a temple 


in ITf).") Simultaneously, Le Roy of Pans invented a better device whi^h is in 
principle like the modern chronometer These pkents were the crowmng 
achievement of sustained effort over a long period As early as 1530, Gemma 
Fnsius, a Dutch mathematician and cosmographer, had pointed out the great 
advantage of a chronometnc method (p 70) for finding longitude at sea 
Thereafter the improvement of the dock constantly engaged the attention of 
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the leaders of physical saence Galileo^ Hooke, and Huyghens, who laid the 
foundations of the dynamical pnnciples systematized by Newton in the 
Prtnciptay were actively concerned with the betterment of tht timepiece, and 
some of the most frmtflil theoreucal work was a by-product of their mterest 
in domg so One of the last acts of Gahleo, who discovered the pnnciple of 
the pendulum, was to dictate a project for the construction of a pendulum 
clock Hooke, who is said to have first introduced the hair spring, also in- 
vented the “anchor escapement” and a device for cuttmg watch wheels 
accurately In a very real sense, his Law of the Spring was a by-product 
of the technology of time-keeping Huyghens, who first developed the theory 
of centrifugal motion, published it m his Horologium Osallatonum which 



Fig 146 

The design of these two clocks illustrates vmdly the dual social context in which 
the technology of mechanical timekecpmg progressed m the middle ages 


describes his mvention of the pendulum clock He also made several attempts 
to make a seaworthy clock suitable for findmg longitude by the method of 
Frisius and subjected his models to tests at sea 
The first clocks in the modern sense, i e clocks geared with toothed 
wheels, were dnven by the fallmg of a weight, and checked daily by the noon 
sun They were large clumsy affairs, scarcely as accurate as the magnificent 
but quite immovable water clock or clepsydra which was constructed by 
Ctesibius at Alexandna (see Fig 145) in the third century b c Although 
designs were put forward at an earher date, weight-dnven clocks did not 
come into use before about A d 1000, when they were first put up in churches 
and monasteries For two centuries their use was confined to the official 
timekeepers of Christendom Till about A d 1450 they were not sold for 
secular use except for installation m pubhc buildmgs In England the first 
public clock was erected in A D 1288 Meanwhile Arabic astronomy was 
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beginning to filter into northern Europe In the generation which preceded 
Copernicus, Walther of Nuremburg (1430-1504) equipped what appears to 
have been the first obser\'atory with mechanical clocks Spnng-driven 
portable watches — the so-called “Nuremburg eggs** — were marketed at the 
beginning of the sixteenth century 

In previous chapters enough has been said to emphasize the importance 
of an accurate and portable device for registenng tune as a basis for astro- 
nonucal measurements which underhe calendncal practice and navigation 
Mechamcal clocks made no mean contribution to the great progress of 
astronomy durmg the epoch of the great navigations Aside from its usefulness 
as an instrument of observation, the wheel-dnvcn clock created a new 
problem m mechames Fmdmg the laws which desenbe the motion of the 
clock also disclosed new laws which desenbe the monons of the solar system 
Though the telescope did much to encourage a favourable reception for the 
doctrme which Copermeus had revived, the mvention of the pendulum clock 
was the madent which gave the death-blow to the geocentnc prmaple. 

The Copermcan doctrme, and still more the laws of Kepler, eqmpped 
navigationd astronomy with more rehable and manageable rules for calcu- 
latmg conjunctions of planets Apart from the convemence of domg so, 
there is nothmg to explam the populanty of the Copermcan teachmg 
A century after the death of Copermeus no known facts of terrestnal 
expenence could be brought forward to justify the major premises on 
w^ch his doctrme rests The supposed orbital motion of the earth was 
difficult to reconcile with failure to measure the annual parallax of a 
star, a feat which was not accomphshed till about 1830, when improve- 
ments m optical mstniments made it fiirst possible Telescopic observations 
like Galileo’s descnptions of sunspots suggested the diurnal rotation of other 
heavenly bodies before it was possible to pomt out a smglc occurrence due 
to the earth’s axial motion Even when Kepler pubhshed his final treatise 
on planetary orbits, scepticism was common among his contemporanes , and 
Bacon, v, hose Novum Organum was written as a challenge to the Anstotehan 
tradition, obstmately rejected the heliocentric view From a landsman’s pomt 
of view, the earth remained at rest till it was discovered that pendulum clocks 
lose tune if taken to a place nearer the equator [see p 288) After the mvention 
of Huyghens the earth’s axial moDon was a socially necessary foundation for 
the colomal export of pendulum clocks 
The mechamcal prmciples discovered by Newton’s immediate prede- 
cessors, Stevmus, Galileo, Hooke, and Huyghens, bring us face to face with 
one of the great dichotomies in the history of human achievement While 
saence m the ancient world was chiefly concerned with heavenly motions, 
that of our own time is largely occupied with earthly ones This neglect 
of terrestnal motion by men of science m antiquity is not surpnsmg Neither 
their technical equipment nor their soaal environment was propitious to 
studying it Anuqmty was ill supplied with mechanical devices for regtstermg 
small mtervals of time, and so long as civilized life was restneted to sunny 
climates there was no pressing need to invent them Wlvie slave labour was 
abundant there was no soaal pressure to bother about how thmgs get moved. 
Merchandise was c^timed by slave-dnvon galleys equipped with sails for use 
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Fig 147 

{a) Nocturnal or Night Dial (about 1700) (p) A Nocturnal m Use 

Reproduced by^ermtsston of H M Stationery Office from *^Ttme Measurement 
Part I, by Dr FA B Ward 




Fig 148 

[a) Harrison’s First Marine Timekeeper (1735) (6) Hamson’s Fourth Marme Timekeeper (1769) 

Reproductd by permtsaon of H M Stationery Office from "Time Measurement," Part I, by Dr F A B Ward 
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when winds were favourable It was the business of the overseer to control 
the slave and of the priests to propitiate the winds Saencc was equally 
irrelevant to both methods of persuasion 
Northern avilization, where knowledge was rapidly advancmg in the 
sixteenth and seventeenth centimes of the Christian era, presents a different 
picture Mechamcal timekeeping is a social necessity for a highly developed 
culture in the grey northern chmate. Durmg the dechne of chattel slavery, 



Fig 149.— Asxkokomical Clock of the Sixteenth Century 

from the time of Constantme onwards, mechanism had penetrated everyday 
life m other ways The water mill was replacmg irksome toil Gunpowder had 
entered the theatre of war Marksmanship required a close-up view of motion, 
and metallurgical development (p 363) received a new impetus, makmg new 
demands on water power The circumstances of artillery practice, of clock 
manufrfeture, of navigation, and of water power, belong to a social context m 
which men of capacity could find wealthy patrons to encourage mechamcal 
enqumes The new power with which gunpowder eqmpped imperiahst 
designs on the New World, the mcreasmg importance of astronomy m 
westerly navigation, and the mtroducuon of the clock^to s(bcular use, were the 
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Fig 150 — Early Seventeenth-Century Observatory with Simple Quadrant 
(Non-Telescx)pic) and Mechanical Clocks 

The introducuon of clocks into astronomical practice durmg the latter end of the 
fifteenth century mcreased the facihty of determining the time of transit, and hence 
R A of stars With more accurate clocks at their disposal m the middle of the seven- 
teenth century astronomers undertook extensive revision of the star catalogues 
Prominent among them was Hevel of Danzig His observatory is here seen The 
catalogue of Hevel formed the basis of more refined observations with telescopic sights 
in the Pans and Greenwich observatones durmg the latter end of the seventeenth 
century 

(Note that the accuracy achieved by medieval astronomers who worked like Tycho 
Brahe without telescopic instruments was due to the large scale of their instruments 
Thus Tycho Brahe used a quadrant 19 feet across A circle of radius 19 feet has a 
arcumfercnce (3G0 degrees) of 19 X 2 x 3 14 feet, i c roughly 120 feet or 4 mches 
per degree Smcc it is quite easy to distmguish half a millimetre (one-fiftieth of an 
mch), an accuracy of from one hundredth to one two-hundredth of a degree could be 
obtamed, if the scale was accurately calibrated ) 

pnnapal orcumstanccs which conspired to create the adventurous hopeful- 
ness of seventeenth-century capitalism, when B^pon penned his eloquent 
plea, “the true and lawful goal of saence is that human life be endowed with 
new powers and inventions ^ 

The mihtary manuals published from 1500 onwards (see Fig 151) bear 
eloquent testimonjfc to a new impetus ip the social background of G^eo’s 
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“Two New Sciences ” For the first time m the history of mankmd prease 
measurement of rapid long-range motion became a social necessity. In its 
turn this demanded mstruments for measurmg time m short mtervals In 



Fig 151 —Military Mathematics 

These two prints taken from old books show one way m which solving the problem 
of moaon had become a tcchmcal necessity m the penod of Stevmus and Galileo 
The upper one is from Bettipo^s Aptana (Bolognaj 1646) The lower from Zubler’s 
work on geometric instruments (1607) 

the sixteenth and Seventeenth centuries the improvement of clock design 
was a matter of as much importance as the improvement qf motor cars today 
Explorauon and navigation demand&l a seaworthy^tiinepiecc, while marlu- 
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manship called foi a new unit of time reckomng The problem of longitude in 
westerly courses and the problem of range-finding m mechanized warfare 
converged to a common focus, when the second became a umt of time measure- 
ment for the first time m history, and north-western Europe found it possible 
to dispense with a rehgion of saints’ days 

MECHANICS IN THE NEWTONIAN AGE 

Many people find the mechamcs of the Newtoman age difiicult to under- 
stand To avoid discouragement it is therefore best to realize how some of 
the difficulties anse The custom of speakmg of mechamcs as one of the 
exact sciences— It is even called “apphed mathematics” — conceals the truth 
that all true science is as exact as it needs to be m virtue of the social circum- 
stances which force it to tackle new problems and as exact as it can be with 
the mstruments at its disposal In reahty the textbook mechamcs of Newton 
and Galileo is grossly maccurate as a description of most mechamcal devices 
which we ourselves commonly meet The mechamcs of the age m which 
Galileo and Newton hved was good enough for what were then called 
machines It was brilhantly successful when apphed to the problems of 
celestial motion In a sense it was less the corner-stone of modem mechamcs 
than an eloquent obituary on the science of antiqmty The world had not 
yet begun to measure power produced without the aid of man or beasts 

The problem of Newton’s age was to connect the new motive power of 
the cannon ball with the behaviour of devices like levers and pulleys which 
distribute the power of human beings or of animals Machmes like dynamos 
and gas engmes which generate power from inanimate sources were not yet 
known The water wheel or wmdmill took power from Nature at no 
cost to human effort Newtonian science had no balance-sheet for heat 
and work You will not understand the mechamcal pnnaples of Galileo 
and Newton if you expect them to apply to the machmery of rapid large- 
scale industrialization m the Soviet Umon, and you will be less worried by 
the words m which they were stated if you remember somethmg else Views 
which are now commonplace were entirely novel m the age of the first 
pendulum clocks Because they were novel and because they were still in 
violent opposition to traditional belief it was pardonable to state them m a 
cut-and-dned way, neglecting quahfications which seem imperative to us 

It will help you to get the atmosphere of the time, and to see what the last 
sentence means, it we begin with a prmciple which is imphcit in Galileo’s 
treatment of the path of the cannon ball According to the Aristotehan 
teaching, which was adapted by St Paul to explain the mystery of the Resur- 
rection, everything m the umverse had its place If thmgs got out of place 
they returned sooner or later to the place where they belonged — eanhly 
bodies to earth, celestial bodies (mduding the “spints” of the retort) to 
heaven Like other self-evident pnnaples on which economists rely, this 
had very httle relevance to the conduct of secular hfe, unless taken to* signify 
that smokmg is a celestial occupation In particular it does not help you to 
decide where a bullet belongs So long as Anstotle’s physics enjoyed as much 
authonty ^ the Bible, it was a novel and exatmg discovery to find that thmgs 
just go on moving 611 somethmg stops them. It was just as novel as Darwm’s 
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doctrine when most Englishmen still believed the Bibhcal account of creation 
The words in which Newton’s generation announced the discovery are no 
more surpnsing than the fact that Huxley’s views about man’s nearest 
Simian ancestors are not umversally held at the present time 
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Fig 152 — Hitting a Moving Object 

If the bullet is fired along the line of sight, it will miss The nder will have moved 
on beyond where he was along the line of sight at the instant when the bulkt left 
the muzzle To hit the mark the gun must be ^ted away from the hne of sight m the 
direcaon of the rider’s motion If the rider moves at a velocity v feet per second, he 
covers vt feet (here 3u, smee the time is 3 seconds) m t seconds In the same time 
the bullet travelhng with velocity V feet per second covers a distance of Vl (here W) 
feet along its own path If bullet and rider reach the same point, as when the bullet hits 
Its mark, their paths make two sides of a nght-angled triangle with the sight Ime at 
the moment of finng, enclosmg the angle a which measures the ult of the gun to the 
direct Ime of sight, when the aim is correct The nder’s path (vt) and the bullet’s 
path (Vt) arc respecuvely the perpendicular and hypotenuse to a, i e sin a = vt — Vt or 

sm a -s u — V = cos (90® — a) 

The proper angle depends only on the speeds of the bullct^and rider, and it is not 
necessity to know the distar^res 

How the principle of mertia emerges from the soaal context of the tune 
IS shown m Figs i62 and 153, which illustrate two of the most elementary 
problems of marksmanship If you are standmg still (F^g 152) you have to 
shoot ahead of it to hit an object mdvmg at nght aflglw tojyour direct Ime of 
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vision at the instant when the charge explodes Conversely, if you ate moving 
at right angles to the direction in which you are sightmg a sail ob)ect, you 
have to tilt the gun to the rear (Fig 153) If you aim straight at the object 
the bullet will be ahead of it by the ume it is level with its mark The bullet 



If the bullet IS fired along the line of sight, it will miss the mark, because it moves as if 
in each second (i) it continued to progress with the velocity v of the nder along its 
course (i c the motion it had while it was still m the muzzle), (ii) it had also the same 
velocity, V, along the ducaion in which the gim points, as it would have if the rider 
were at rest To hit the mark it must be tilted away from the direct line of sight m 
the direcuon opposite to the rider’s motion Travellmg at V feet per second m bne 
with the axis of the gun, it moves simultaneously v feet per second parallel to the 
rider If the angle of tilt (a) from the sight line is correct, its velocity v along the 
nder’s course must keep it m the direct hne of sight at the moment of firmg Hence, 
if fl IS the nght angle of aim, the distance (vi) the rider would travel m time t, the 
distance (Vr) the bullet would travel if the marliaman were at rest and the direct line of 
sight, together form a right-angled triangle, m which sin a — vt — Vr, or 

sm u = o — V — cos (90® — a) 

Thus the same rule describes the correct angle of tilt whether the marksman is movmg 
at a particular veloaty or the object at which he aims is movmg at the same veloaty, 
one or the other bemg still In other words the nit of the gun is only concerned wiii 
their relauve velocities ^ 

therefore behaves as if it kept its motion sideways at the moment of leavmg 
the muzzle and gamed at the same time a new motion along the Ime of aim, 
)ust as a boat dnftmg m a current (Fig 154) keeps the motion it gets from 
the oars and gams d simultaneous drift down stream 
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The fact that it does so was quite unexpected when the science of marks- 
manship was m Its infancy This you can judge from the opemng sentence of 
the second chapter in the Leviathan: 

That when a thing is still, unless something else stir it, it will he forever still, 
IS a truth that no man doubts of But that when a thmg is in motion, it will 
eternally be m motion unless somethmg else stay it, though the reason be the 
same, that nothmg can change of itself, is not so easily assented to 



As the moving marksman must nit his gun from the sight hne, so an oarsman must 
keep the keel turned away from the direction m which the boat must progress to 
reach its destinauon m a straight Ime The same constnicnon for findmg the correct 
angle fits either case If the boat is to be rowed along a course at right angles to the 
current, the keel must be inclined at a to this correct course, and at (90° — a) to the 
current To make a scale diagram, lay off equivalent distances traversed by a cork 
dnftmg m the current and by the boat, rowmg at its ordinary straight Ime velocity 
m still water These must be the sides of a right angled triangle, or of a parallelogram 
whose diagonal is at right angles to the current The figure is drawn for a three-hour 
course, durmg which the boat would row miles m still water, and a cork would 
drift miles Only one nght-angled mangle can be made with these two sides, if 
one is the hypotenuse In this case, sm a = 4^ — 7^ = 0 6, which is the same as the 
ratio of the current velocity (u), and the velocity (V) of the boat in still water In 
general, sm a = v — V = cos (90° — a), so that a can be got from tables of smea 
The resultant vcloaty is V V* ~ n* 

These words, wntten by the matenahst philosopher Hobbes when Newton 
was still a boy, are almost identical with those in which Newton himself 
stated his First LawVf Motion As they stand they are somewhat metaphysical 
Wc have no expenence of bodies movmg with absolutely constant speed or 
of things being permanently at rest ot of any process going on for ever Still, 
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the essential fact of the sluggishness of matter or inertia is a very tangible one, 
and directly contrary to Anstotle’s teachmg We all know that whien a tram 
or bus stops or starts our bodies contmuc to move m the direction of the 
previous movement, or remam at rest, as the case may be Our feet, firmly 
set on the floor, follow the movement of the vehicle Consequently we lurch 
backwards when the tram or bus starts, or forwards when it stops In this 
instance the movement of the vehicle is usually straight at the time In 
turning a comer we lurch forwards and so outwards, a difficulty which every- 
one has to learn to forestall when first attempting to nde a bicycle. Our 
tendency, which we soon learn to counteract by leamng mwards, is to go over 
on the outer side of the curved path traversed by the machme This illustrates 
the Enghsh idiom which embodies the most important aspect of mertia We 
'‘fly off at a tangent ” The pnnciple of mertia signifies that when we turn a 
bend, we have to exert a pull by bendmg mwards to prevent ourselves con- 
tinmng to move m a straight hne forwards 

You may properly object that the flywheel of a steam engme docs not go 
on for ever, and that Newton’s first law is therefore plam nonsense This 
would be wrenchmg it out of the context to which it belongs Newton’s 
generation knew as well as we do that an iron ball does not roll along a 
stretch of ice indefimtely They also noticed ±at it does go on much longer 
than It would on a rough surface, and that a well-lubncated wheel revolves 
longer than one which is dry Hence they concluded that friction or adhesive 
contact with matter is the chief arcumstance which limits the prmciple 
Since the same push will propel an object over a longer distance m air than 
in water or m contact with a sohd surface, they argued correctly that this 
limitation is usually mumportant when the matter m contact with the movmg 
body is rarefied They also recognized that an friction may be considerable 
if the surface of an object is large compared with its bulk, and Newton himself 
carried out an important experiment to find out how far air friction can be 
neglected (see p 376 ) For calculating the range and height of the slow- 
moving short-range projectiles of Galileo’s time, the error due to air friction 
IS ^ery small 

It was thus natural to go a step farther If there were no air, and no contact 
with matter, there would be nothing to stop a cannon ball from gomg on m 
a straight Ime at the speed with which it left the muzzle, except the fact 
that like all other sohd bodies it is being pulled earthwards durmg its range 
If so, why should not the planets move in a straight Ime through the vasmess 
of empty space with no fnction to stop them^ Might not the answer be that 
they were pulled sunwards as the cannon ball m its curved path (Fig 171) is 
pulled earthwards? This was the problem to which Newton’s first “law” was 
prelimmary The words m which he propounded the prmaple of mertia, 
though seemmgly speculative m circumstances with which Newton was not 
concerned, are easily mtelhgible m their own setpng « 

MECHANICS IN THE ANCIENT WORLD 

To trace the steps which led to Newton’s mechamcal view of the solar 
system we must start with machines as^ the word was still used m Newton’s 
time With the exception of the sailmg ship, the wmdmill, and the water 
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wheel, machines were still devices for spending human effort m a more 
convement way A machine was not something that did work for you like 
a dynamo It was somethmg which gave you mechanical advantage^ another 
term for adapting a task to the normal rate at which a human being works 
effiaently or, more simply, allowing you to take time over your job In effect 
they gave you the choice of carrymg a hght load over a long stretch mstead 
of straimng yourself with a heavy load over a short distance It is sometimes 
essential to choose the first alternative, because there is a hmit to the load 
agamst which the human muscles will contract at all It is also a social 
hmitation imposed by the circumstances of slave labour An overseer can 



D 



keep slaves on the move Only freemen are capable of sustained maximum 
effort WhJe slaves were abundant the mechamcal ingenuity of the ancient 
world was mainly focused on devices of this sort, and what mechamcal 
pnnciples were rccogmzed as such were chiefly concerned with them 
The two broad generalizations of mechamcs m the ancient world arose 
respectively on the one hand from the practice of architecture, navigation, 
and mining (stresses, lifting stone blocks, cargoes, and ore), and on the other 
from irrigation (water level) and assay The prmciple of the lever and the 
prmciple of buoyancy are both set forth in the works of Archimedes, and 
circumscnbe the theoretical basis of mechanics m Alexandrian civilization 
The bearmg of the latter tin other problems which arose m artillery warfare 
will be touched on m Chapter VIII The prmciple of the lever, which can 
be used to measufc the mechamcal advantage of the “simple machines” 
referred to m the last paragraph, m all probabihty emerged directly from 
the practice of warfare Powerfiil catapults were first useH m the campaigns 
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Fiq. 166 — Two Ways of Using the Lever PRiNapLH 


of Alexander and became an important item of military equipment in the 
hands of his Roman successors Archimedes, who in adiuon to his 
other varied mechamcal mterests occupied part of his time m devismg 
catapults,^ was probably led to mvestigatc the properues of levers to account 
for ^eir action 

* Archimedes* r^^^t m the defence of Syracuse in 215-214 bc is desenbed by 
Polybius in the following passage from his Histones 

“The aty was strong Takmg advantage of this, Archimedes had constructed 

such defence that the garrison would have everything at hand which they nught 
require at any moment The attack was begun by Appius brmgmg his pent 

houses, and scaling ladders, and attemptmg to fix the latter agamst that part of the 
wall which abuts on Hexapylus towards the east At the same time Marcus Claudius 
Marcellus with sixty quinqueremcs was making a descent upon Achradina Each of 
these vessels was full of men with bows and slmgs and javelins On these double 
vessels, rowed by the outer oars of each of the pair, they brought up under the walls 
some enguies called ‘Sambucae* [large scahng ladders for use from ships] But 

Archimedes had constructed catapults to suit every range, and as the ships sailing 
up were still at a considerable distance, he wounded the enemy with stones and darts, 
from the tighter wound and longer engines, as to harass and perplex them to the last 
degree, and when these began to carry over their heads, he used smaller .engines 
graduated accordmg to the range required from ume to time As often too as they 
tried to work their Sambucae, he had engmes ready all along the walls, not visible at 
other times, but which suddenly reared themselves above the v^ll from inside, when 
the moment for their use had come, and stretched their beams far over the battlements, 
some of thepa carrymg stones weighmg as much as ten talents, and others great masses 
of lead So whenever the S^bucae were approachmg these beams swung roimd on 
their pivot the required distance, and by means of a rope runmng through a pulley 
dropped the stone upoq the Sambucae, with the result that it not only smash^ the 
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Fig 167 — The Lever — Avlraging Out the Weight of the Beam 


The Law of the Lever states the distances from the fulcrum at which 
different weights must be attached if they are to balance The rule given by 
Archimedes is that the load is inversely proporuonal to the distance That is 
to say, two weights, W at a distance D, and k? at a distance d from the fulcrum 
balance when^ WD = zvd 

machine itself to pieces, but put the ship and all on board into the most serious danger* 
Other machmes which he invented were directed against storming parties 
Agamst these he either shot stones big enough to drive the marines from the prow, 
or let down an iron hand swung on a chain, by which the man who guided the ci^e, 
having fastened on some part of the prow where he could get a hold, pressed down 
the lever of the machine inside the wall, and when he had thus lifted the prow and 
made the vessel rest upright on its stem, he fastened the lever of his machmc so tlwt 
It could not be moved, and then suddenly slackened the hand and chain by means of a 
rope and pulley . Such was the end of the attempt at storming Syracuse by 
sea So true it is that one man and one mtellect, properly qualified for the par- 

ticular undertakmg, is a host m itself 

* In diis equauon all the quantines are posiuve It is, however, sometimes con- 
venient m represent co-ordinates (1 e distances with a sign attached) to the left of 
the pivot as negative, whilst those to the right are still considered positive (or vice 
versa) If this is done, D will be a negauve quanUty, so that wc must write the equauon 
as ~WD=^ wd Th<Jugh the left-hand side of this equauon has a negaUve si^ 
attached, it is really posiUve The quanuty tvd measures the turning-power of ^me 
wei^t tti, called its moment, about the pivot In our eitample th^ moment is positive 
if It tends to turn the beam clockwise abftut the pivot an<f negauve if it tends to turn 
It &nti-clockwi 8 Cj 80 It 18 evident that WD should be a negauvf quanuty 
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A famibar application of the principle in the everyday life of our own time 
IS the type of scales used on railway stations for weighmg luggage, or m 
hospitals and chemists’ shops for weighing the human body (Fig 156) Its 
bearing on the catapult is mterestmg, because it mvolves an important 
consequence which was not fully grasped till the displacement of human 
eifort by machinery made it necessary to measure work We all know that 
practically no eifort is required to tilt the pans when two weights are balanced 
on a scale If the pulling power or Force which your own arm can exert is 
capable of raising a hundredweight, it can also balance a ton at the end of a 



Fig 168— Weighing Machine Based on the Principle of the Lever 


lever, when the hand is applied to the opposite end at twenty times the 
distance of the load from the fulcrum A neghgible additional effort is then 
required to jerk the load upwards 

Not being concerned with machines which are driven without human 
effort, Archimedes did not recogm/e that his principle gives us a clue to 
the right way of measuring work, so that we know when we are workmg 
economically If you think of one of the earhest mechanisms devised to 
facihtate human labour, you wiU see that the modem way of measuring 
work is a matter of common sense The first Magdaleman man who drew a 
sledge, must have been fully aware that a day’s work could be reckoned by 
the pull exerted and the distance covered Usmg E for work, p for pull and 
h for distance, we should say e 


E oc A 



W unu yy uirond jj f in^ 

If we call a unit of work, work done in traversing a unit of distance with a unit 
of pull 

E = ph 

The Law of the Lever tells us that this way of measuring work m so ma iy 
lb wt and so many feet (foot pounds weight) is in general a satisfactory way 
of measurmg work. When two weights are balanced 

WD = rod 
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Fig ISJT — The Pulley 

It we now alt the beam a httle, so that the small weight descends through 
hy and the large ascends through H, Fig 155 shows that 

d h 

D H 

It follows, therefore, that 

WH - wh 


1 e one load gams m power to do work to the same extent as the other loses 
power to do work 

So if we measure work by the product of the weight lifted and the distance 
covered, no work is done m tiltmg a lever when it is just balanced That 
we know this to be true shows that this is a satisfactory way of measuring 
the work of a machine as well as the day’s work of Magdaleman man 

The same prmciple can be apphed to another ancient device, balancing 
weights by means of a pulley If a cord is suspended over a simple pulley 
shown m the left of Fig 159, two equivalent weights attached to its ends 
balance If a weight is attached to the free end of the cord m a compound 
pulley like that shown on the right, experiment shows that it will balance two 
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equivalent weights attached to the second pulley The principle of the lever 
leads to the same conclusion as experiment If the smaller one (zo) falls 
through a small distance + hy the pulley is raised through a distance + 
With the usual convention of signs, it therefore falls through — If no 
work IS reqmred, the total work done in a small shift is 

wh — = 0 

zu ~ JW 

Yet a third “simple machine” for getting the same task done m a more 
leisurely way without reducmg the total effort expended was the “screw and 
cogwheel,” the name of which is self-explanatory In a work which has 
come down to us m an Arabic translation. Hero, who was the most volu- 
imnous writer on mechamcs m the Alexandrian age, descnbes a h 5 rpothetical 
combmation of lever and mulnple pulley with screw and cogwheel for raising 
weights How scant was the encouragement for mechamcal mgenmty m the 
modem sense is illustrated by another remarkable device which is described 
in his Pneumatica The expansion of air m a hollow altar durmg the sacrificial 
fire is made to force water out of a closed vessel mto buckets The descent 
of the latter, when full, is used to pull open the doors of the temple where 
profane labour was precluded 


WEIGHT AND MASS 

Durmg the fifteenth century the elementary principles of balancmg 
weights as they had been expounded in the Alexandrian schools became 
known in Italy, especially through a treatise of Leonardo da Vmci, who 
described his own experiments on ghders and a hypothetical man-driven 
aeroplane What proved to be an important bridge between the mechamcs of 
the old world and modern science was the extension of the Archimedean 
prmciple to one of the oldest devices tor producmg mechanical advantage 
Stevmus of Bruges, a quartermaster m the army of Wilham of Orange, 
earned out experiments on the equihbrium of a load hangmg vertically with 
a load restmg on a smooth slope Like Archimedes, Stevmus attempted un- 
successfully to improve the numeral system of his time, and like Archimedes 
he was specially mterested m the mechanics of warfare and navigation. He 
designed “machines” for hftmg the Dutch fishmg boats above ^gh-water 
mark, and was an expert m the art of fortification 

In applymg the prmaple of the lever to other situations, it is necessary 
to add a very important qualification, which has not been clearly stated 
so far In all the cases we have so far considered, the body has moved m the 
direction m which the force apphed acts, either forwards, givmg positive work 
which we do ourselves, or backwards, givmg negative work which is done for 
us For the sledge, the direction was horizontal, and for the lever and compound 
pulley, vertical If we roll a truck up several hills, we soon find out tljat more 
work is needed to push it up a steep hill than is*needed to push it through 
the same distance up an easier slope If we forget about fnctional resistance, 
the amount of work needed depends only on the total gahi m height above the 
onginal level 
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This suggest^c law of balancing weights when one (to) hangs vemcaUy 
and the other (W) tests on a smooth slope mchned at a fixed angle (B) to 
the horizontal If the weight to descends through a verucal distance D in 
Fig 160, the weight W ascends through the same distance D along the inclined 
surface Smee sm B = ft — D, its vertical displacement ft = D sm B If 
we measure the work done om W m rismg through the vemcal distance A 
and the work done to m falhng through the vertical distance D as we have 
done m the treatment of the lever and pulley (i c by the products of the 



Fig 160 — Rest (Balance op Two Opposed Motions) on the Inclined Plane 

The Law of the Inclined Plane is that if a weight found to be tv umes some standard 
weight by the balance when hangmg vertically just supports a weight W times the same 
standard lymg on an mclmed surface of elevation B, 


or 


st> = W sm B 

Weight hangmg verucally 
Balanced weight on slope 


weights and their corresponding vemcal displacements) the total work done 
by both weights is — WA + wD So if no work is done m shiftmg them when 

the weights are balanced 

• 

— W/i + zvD = 0 
^ . m = wD 
. , WD sm B = wD 

to = ^ sm B . • • 
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According to this the weight required to balance a 10 lb load resting on 
an inclined plane of 30°, when it hangs vertically is 

10 X sin 30° = 10 X 0 5 lb 

1 e 6 lb If the angle of the sloping surface is 45° the weight required is 
10 X sin 45° = 10 X 0 707 lb. 

1 e just ever 7 lb The hypothesis is evidently true at the hmits If the slope 
IS 90° the system is equivalent to the simple pulley of Fig 159, and the 
weight required is 

10 X sm 90° == 10 lb 

The law of the mclincd plane raised a distinction which had never been 
clearly disentangled m the mechames of antiquity For the purposes of 
metallurgy or merchandise, two weights are eqmvalent when they balance 
one another on a pair of scales, 1 e when they are in equivalent positions 
relative to the fulcrum As far as their puUing power is concerned they arc 
only equivalent when this condition is reahzed In speakmg of weights, we 
must therefore distinguish between mass — which we “weigh” on a pair of 
scales — and pulhng power or force which depends on somethmg else * The 
mechames of antiquity stopped short at identifymg this something else with 
the position in which a body was placed when it balanced another body at 
rest This provided a satisfactory explanation of what you need to know in 
dcsignmg the best Archimedean catapult It did not throw any light on the 
propclhng power behind a cannon ball, or the pull of the earth’s magnetism 
on the manner’s compass needle In Alexandrian mechames pulhng power 
or force always imphed some tangible hnk, a common surface on which two 
weights rested, or a string connectmg them The phenomena of magnetism, 
as set forth in Gilbert’s De Magnete (1600), defied all theaccepted conventions 
Here was pulling power with no support and no attachment 

FORCE AND MOTION 

The experiments of Stevmus suggested the clue to a new technique of 
measurement Besides bemg able to balance another weight at rest m virtue 
ot Its mass and posiuon, a weight can also generate mouon, as when a load 
attached to a cord wound about the axle of a wheel is allowed to descend 
We all know that we slide dowm a slope more quickly if it is steep, that is, 
the weight of our bodies can generate more motion if the angle of descent is 
increased So, too, the balancmg power of a weight also increases if the 
elevation of the slope on which it rests is increased Hence the prmaple of 
the inclined plane suggests two new possibihties One is that the pulhng 
power of a load in difiercnt positions simply depends on the fact that its 
power to generate motion also depends on its position The other is that two 
weights balance w'hen their power to generate motion is equally great and 
is exercised m opposite direcuons The obstacle to pursumg this plausible 
clue m the sixteenth century was the fact that no one l,ad yet attempted to 
measure the way m which thmgs fall According to the AristoteUan world 

* See also p 292 
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outlook, rest was the rule and motion an exceptional state of affairs The 
altemaave view that rest is only motion at a deadlock had little to commend 
It in the ancient world Before the introduction of gunpowder there was no 
pressmg social necessity to compel anyone to make exact measurements of 
the rates at which bodies fall 

Indeed, it is not likely that Aristotle’s doctrme would have been contested, 
if range-finding had not come to the aid of curiosity m an age when the fate of 
a new civilization depended on a new technique of war Aristotle had taught 
that a “body is heavier than another which m an equal bulk moves downward 
more quickly ” The belief that the vertical motion of a body is proportional 
to Its density (mass per unit volume) is not mtrmsically unlikely Our common 
experience of falhng objects seems to confirm it We can see leaves tallmg 
from a tree, or a cup falling when it leaves our hand, but we cannot sec a 
cannon ball in its course We have blown up paper bags or toy balloons as 
children, and bladders mflated with air were part of the medieval jester’s 
equipment The behaviour of all these famihar objects seems to agree with 
Aristotle’s teachmg, and the simple discovery which enabled Galileo to lay 
the foundations of saentific artillery therefore ranks as one of the most 
darmg achievements m saencc 

Apart from the last passage ated, Anstotle had not committed himself 
to any very defimte statement about the way m which thmgs fall His dis- 
cussion of physical problems, like his pohucal philosophy, is mainly con- 
cerned with justifymg, defending, and makmg a lawyer’s case m favour of, 
the world as it is In his doctnne of the state every mdividual had a fixed 
social class which was nght and proper m the nature of things In his natural 
philosophy every material object also had its proper place, and if it got out of 
Its proper place, nature personified as the strong arm of the law put it back 
sooner or later Unhappily for his influence as a philosopher Aristotle com- 
nutted himself to one assertion which is easy to test by dropping a cannon 
ball and a croquet ball of the same size from the top of a buildmg Although 
It is obviously true that some very hght thmgs like toy balloons and some 
objects with a large surface relative to bulk, like feathers, leaves, or wood 
cut m fiine shavmgs, do fall more slowly than cannon balls, it is also true 
that most compact objects fall from the same height m approximately the 
same time That this is so within wide limits of relative heaviness was the 
surpnsmg new truth which Galileo established 

Mach says that Galileo’s outlook was essentially modem, because he 
asked how things fall mstead of why they fall There is nothmg specifically 
modem in this except m so far as the ceremomal and priestly outlook is 
losmg ground, while the attitude of the artisan exercises an mcreasmg influ- 
ence on our social culture Galileo was modern only because he was work- 
manlike The history of science has been a long struggle between the same 
two conflictmg mclmations Priestly and ceremomal speculation is content 
to reflect on the world, oi* attempts to propmate an unseen supposititious 
purpose m thmgs personified explicitly as deities or implicitly m the “explana- 
tions” of the unofiSeial theologians who teach philosophy If you follow to 
Its logical conclusion Anstotle’s doctnne that everythmg has a place.to which 
It belongs you end m an act of speaal creation Any question which begins 
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With why leads you back to an assumed design by an mdividual who cannot 
be identified but may possibly be bnbed The artisan or techniaan looks 
at thmgs as they are, and finds out how they can be changed m accordance 
with human needs The influence of then world view expands as the satis- 
faction of man’s common needs becomes the common busmess of mankmd. 
A workmanlike or truly scientific explanation gives you a reape for domg 
something The distinction between a real or saentific explanation and a 
philosophical one is easier to see nowadays because few people beheve that 
prayer can control meteorological events So long as they did, teleological 
“explanations” were mtelhgiblc 

A cannon ball or a croquet ball dropped from the top of a three-story 
building, say 36 feet high, reaches the ground m about a second and a half 
Even from the top of the highest New York skyscraper the drop would be 
over inside rune seconds It goes without saymg that direa measurement 
of how bodies fall vertically cannot be prease, unless there are very good 
recordmg mstruments to use Stop-watches, electnc signals, metronomes, 
kymographs (Fig 196), had not b^ invented in Galileo’s day. He had to 
tackle the problem by an mdirect method which mvolved two kmds of 
measurement He first established a simple rule connectmg the distance (d) 
traversed and the time (0 of the descent of a ball (see Figs, 161 and 162) 
on a smooth gende-slopmg surface. Then he sought for a rule connectmg 
the time taken to traverse a given distance with the angle at which the surface 
IS tilted. The limi ting angle is 90*’, when the ball falls vertically. 

The time taken for a ball to descend from different levels on a gently 
mchned surface is not difficult to measure. Havmg no stop-watch, Galileo 
let water dnp steadily mto a vessel during the mterval occupied by the descent, 
and weighed the water to get an estimate of the time. A table of results 
obtamed m an experiment of this kmd discloses a simple numencal rule 
which IS at once recogmzed when a graph of the distances traversed and 
time taken is plotted The graph answers to the textbook parabola y = 
and an exammation of the figures shows that the ratio of the distance traversed 
to the square of the tunc taken is fixed, 1 c 

~ ^ d ~ kt- 

If we now look at the motion of the ball from a different pomt of view, 
there is more m this than meets the eye at a first glance Gahleo did so He 
mtroduced what is now a familiar but was then an entirely novel cntenon of 
motion Crude estimates of speed (or velocity as we shall now say when 
speakmg of motion m a particular direction along a straight course) had 
probably been made from the first cxpenence of travel, route marches, and 
pubhc games Hitherto there had been no occasion to measure how motion 
grows Galileo adopted the modem measure of cufteleration^ or velocity gamed 
in unit time There is no longer an unusual flavour in the word, though we 
shall sec later that it is used loosely m everyday speech and that the terms 
speed an(i veloay, used mterchangeably when we are descnbmg motion 
m a straight path, have to be restncted when we are descnbmg motion 
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round a bend. For the present we need only concern ourselves with the 
ordinary use of the term If the speedometer readmg of a car increases 
steadily durmg 10 seconds of a straight course from 30 miles per hour 



Fig 161 — A Smooth Ball Running Down a Very Smooth Slope at 30® 

Under Gravity 

If acceleration is constant, the acceleration calculated from the formula d = \at^ 
will be the same whether the distance (d) fallen is large or small The figures m the 
horizontal row give the total interval of time from the start at each 10-foot stage 
m a 60-foot journey The results tabulated as follows give a numerical illustration 
of the reasomng m the text The velocity gamed per second, i e the acceteratton, 
at different stages m the descent is given to the nearest unit, and does not vary 
consistently m either direction from an approximately constant figure of 16 
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(or 44 feet per second) to 45 miles per hour (or 66 feet per second) it has 
gained m vcloaty 2^ feet per second m 10 seconds or 2 2 feet per second 
in 1 second. Its mean acceleration is + 2 2 feet per second par second. 
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If the reading falls from 45 to 30 miles per hour, it has lost 2 2 feet per 
second m one second Its mean acceleration is — 2 2 feet per second per 
second * 

If a thmg moves with a changmg veloaty^ its mean velocity is the fixed 
velocity at which it would have to move m order to cover the same distance 
{d) m the same time {t) Thus its mean velocity d — t If it gams the same 
velocity m equal mtervals of time, this is half the sum of its mitial and final 
velocities So if it starts from rest (i e zero velocity) and has reached a 
velocity V at the end of / seconds, this is ^(0 v) \v 



Fig 162 — Motion on th? Inclined Plane 

The final velocity v is then the velocity it has gained in the time t Smee its 
acceleration (u) is the velocity gained in one second, 


V Id 



If it moves from rest with a constant accelerationy the ratio of the distance to 
the square of the time taken is therefore fixed Galileo’s experiments showed 
that when a ball rolls down a smooth slope, the distance traversed bears a 
fixed ratio to the square of the time occupied by the descent They therefore 
showed that the ball rolls down the slope with a constant acceleration 

So long as the slope is the same, t^s is true within wide limits for the 
acceleration of balls of different weights and densities The next thin g is to 

* “Pe- second per second” is often written “per sec *” 
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find how the slope, i e the angle h which the surface makes with the hori- 
zontal, affects the acceleration This is done by varying the slope and 
measuring the time taken to traverse a fixed distance We get a clue to the 
kind of relation which exists from the fact that a body moves most quickly 
when It falls straight down (i e = 90'’), and remams still when the surface 
is quite flat (i e h ~ 0*^) So the acceleration depends on something about 
an angle which is greatest when the angle is and is zero when the angle 
itself is zero This is true of the sme of an angle, and expenment shows that 
the acceleration is directly proportional to the sme of the angle of slope, i e 

a oc sm t 

or putting It in the form of an equation, m which ^ is a constant 

a = ^ sm 

Expenment shows that if the slope is 30° the accelerauon is approximately 
16 feet per second per second, le the velocity along the slope increases 
every second by 10 feet per second So 

IG " ^ sm 30° 

16 = ^X J 

^ ~ 32 (approximately) 

Since sm 45^ — 0 707, if the slope were 45° the acceleration would be 
32 X 0 707 = 22 6 feet per second per second 
If the angle b is 90° the body falls vertically (Fig 163), and since sin 90° = 1 

a^g 

1 e ^ IS the acceleration with which a heavy body falls vertically Gahleo 
showed this was so by finding the time taken by heavy objects to fall from 
the top of a tower to test the rule in the hmitmg case The acceleration can 
be found as before by using the rule 

2d 

So if the rule holds good, when d is the vertical height of the tower, and t 
the tune between dropping the body and seeing it strike the ground, 

2d 

^2 S 
d 

= 16^2 (approximately) 

Thus a pebble dropped from the top of a lighthouse 100 feet high would 
strike <he water 100 ~ 16 = 2| seconds later 

In this way Galileo estabhshed two conclusions which Newton used m his 
theory of universal gravitation The first, called the law of terrestrial gravita- 
tioriy is that when bodies fall vertically (i e along the plumb line which pomts 
towards the centre of the earth) they move with a constant accdeiation Near 
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the earth’s surface this is approximately 32 feet per sec ^ In air it is inde- 
pendent of mass or density within wide hmits The second conclusion is that 



The law ot Motion is 

Acceleration (A) along slope 
Acceleration (a) of free vertical foil 


sin 


The law of rest (Fig 160) is 


Hence 


Vertically suspended mass (m) 
Balanced mass on slope (M) 


A - a - m — M 
MA — ma 

or, m this case, MA — mg 

Thus the pulling powers exerted by two masses in diiferent situations arc equal when 
the product of one mass and the acceleration with which it would move if not con- 
strained by the second is the same as the product of the second mass and the accelera- 
uon with which it would move if it were not posed against the first ^ 


the law of equihbnum of sohd bodies at rest is only another way of stating 
the same law of motion The mechamcs of antiquity had shown that cquih- 
bnum of cohd bo4ies at rest involves (p 250) position as well as mass The 
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inclined plane suggested that this might be due to the fact that m dilferent 
positions heavy bodies do not always have the same power to generate motion 
Galileo’s experiments show us how the position of a body affects its mouon, 
when It is displaced The law which describes how weights balance one 
another when one of mass M rests on a smooth slope at an inclination b to 
the ground level, and the other of mass m hangs vertically, may be written 


The law of motion down a smooth slope is 

~ = 8in6 
g 

Comparmg both, we see that 

m a 

g 

mg = Ma 

Thus our first suspicion is correct Two loads balance on a smooth flat 
slope when the product of the mass of one and the motion it would generate 
if released is the same as the product of the mass of the other and the motion 
it would generate if released In other words, they remain at rest because 
their power to generate motion is equal and opposite Hence the mass-accelera- 
tion product IS a way of measurmg the pulling power (F) of a load, i e 
F = w a If one body is falling with a smaller acceleration than another 
It has less effective pulling power, unless its mass is proportionately larger 
To hold a greater mass of one demands a greater mobility of the other 
Thus a force has two aspects, one acceleration which measures the mobility 
of an object, the other mass which measures its sluggishness or inertia 
To measure forces by the mass-accelerauon product we have now to 
agree about the measurement of mass and of acceleration When the unit of 
mass is 1 lb, the umt of distance 1 foot, and the umt of time 1 second, the 
umt of force is called the poundal^ i e one poundal is the force required to 
impart an accelerauon of 1 foot per second per second to a mass of 1 lb 
The force exerted by a 1 lb *‘^eight” fallmg under gravity or the force 
required to prevent a pound “weight” from fallmg under gravity near the 
earth’s surface is approximately 32 poundals Smce ^ — 32 (approximately), 
w = ^ lb when mg Hence one poundal is the pulling power of a 
half otmce weight when suspended in a vertical position It is therefore the 
pulling power of a spring balance when the scale readmg is \ oz 

In the international metnc system based on the reports onginally drawn 
up by the French Academy for the National Assembly of the French Revolu- 
tion, the umts of mass and length are respectively the gram and the metre 
The former is convemently chosen as the mass of 1 cubic centimetre of 
water at 4"' C (i e the density of water m grams per c c is 1 at this tem- 
perature, when its density is greatest) The umt of force, the dyne, is the 
pulhng power which can make 1 gram move with an acceleration of 1 cm per 
second per second Smce 1 Bnash foot — 30 48 cp , and 1 Bntlfeh pound 

I 
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== 453 6 grams, 1 poundal is equivalent to 30 48 x 453 6 = 13,826 dynes 
Since 32 feet = 975 cm , 1 gram hangmg vertically exerts a pull of 975 dynes, 
and 1 lb exerts a pull of 975 x 453 6 442,260 dynes at a place where the 

value of g IS exactly 32 feet per second per second We shall see later that the 
value of g IS generally a httle larger dm 32 feet per second per second, and 
also vanes a htde with latitude and altitude, bcmg at sea-level 32 09 feet or 
978 cm per second per second on the equator and 32 26 feet or 983 cm 
per second per second at the North Pole Fifteen miles above sea-level at the 
equator, it is about 3^^ 9 feet or 941 cm per second per second 
Before we go on, four simple rules which connect time, distance m a 
straight path, velocity, and acceleration when the acceleration is constant, 
should be committed to memory, so that you recogmze them at once, when 
you come across them in w'hat follows They are as follows 

(1) If an object moves through a distance d m z time t with a velocity Vy 
smee V d — ty 

d—vt 

(2) If an objea is movmg with a velocity at the beginning of an mterval 
of ume t and is movmg wi± a velocity 1^5 at the end of it, its mean veloaty, 
which is the velocity with which it is movmg half-way through the time 
mterval, is l(Va 4" ^6)5 the distance traversed m the mterval / is the same 
as if It moved at its mean velocity throughout the whole of it, 1 e 

d 4 Vb)t 

(3) If an object gams a veloaty a feet per second m each second, a is its 
acceleration , and it will have increased its velocity by at in t seconds If its 
velocity was Va at the begmnmg of the mtcrv^al t its velocity at the end of it 
will be Vf, + aty so that its mean veloaty is l[va + (Pa -f at)] — 

and the distance moved during the mterval by rule (2) is + \at)t If the 
object starts from rest, so that Va ~ 0, 

d ~ ]at^ (or a — 2d~~ /*) 

(4) 4 he fourth rule which has not been used so far is illustrated m Fig 164 
and explamed m the legend If an object moves with a veloaty v and an 
acccleraaon a along a hue (AC m the figure) mclmed at an angle t to a second 
Ime (AB), an observer, who keeps his eye at right angles to the second Ime, 
watchmg its progress along the latter will sec it move with a veloaty v cos b 
and an accelerauon a cos b If a^ is the acceleration referred to a Imc mclmed 
at b to the path along which an object moves with accelerauon a, 

= a cos b 

I he first, third, and fourth should be memorized and tested with the aid of 
numerical illusuauons and scale diagrams like Fig 164 The veloaty formulae 
should be tested from the numerical data m the boat diagram of Fig 167 
The last rule throws a new hght on the measurement of force if we put 
It in a more acuve form The same source of mouve po^ex which propels a 
body witl} an accelerauon a m one Ime gives it an accelerauon a cos b along 
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Fig 164 — Triangle of Velocities and Accelerations 

This illustrates the rule that if a body moves with a velocity v or an acceleration a 
along a straight path, its velocity Vz and its accelerauon az along a Ime of reference 
inclined at an angle b to the path can be found by usmg the formulae 

Vx ~ V cos h 

Ox = a cos b 

The object shown moves from rest at A with an acceleration a (here 25) feet per 
second per second for t (here 2) seconds along AC Its mouon referred to the hne 
AB IS its moaon as it would be seen by an observer lookmg along a Ime at right angles 
to AB at each stage m its course This would be equivalent to watchmg its shadow 
projeaed on a ground glass screen at AB with a beam at nght angles to the screen 
Thus AB, AC, and the observer’s sight Ime form a succession of nght-angled mangles 
m which cos = AB — AC Its accelerauon along AC is 2AC — and its accelerauon 
(oac) along AB is 2AB — r* Hence ax — a = (2AB — t®) — (2AC — t*) = AB — AC 
~ cos b* At the end of t seconds its velocity (o) along AC is at and its velocity (vx) 
along AB is *axt Hence Vx— v = ax — 0 = cos b Along the line at nght angles to 
AB, 1 e BC, mclmed at 90® — ^ to AC the accelerauon (ap) is a cos (90® — b) ^ asm by 
and similarly vy v Anb In the figure the rauo of the sides of the mangle is 5 4 3, 
so that cos 6=08 and sm 6 =* 0 6 The figure 1| is approximate m the diagram 
More exactly it is V 3 ^ ^ # • 
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a line inclined at h to the other If a body falls freely under gravity with an 
acceleration a, its acceleration relative to a slope at h to its vertical hne of 
fall (or c = (OO"" — h) to the ground) is g cos b ox g sm c (since sm (90° — h) 
= cos b) So its acceleration when moving down a smooth slope is the accelera- 
tion referred to the same hne of motion by the same motive power which 






I'lG — Motion Down the Inclined Plane as Free Vertical Motion Resolved 

Along the Plane 

When a body falls vertically through a distance d {— its accelerauon {g) under 
gravity is -d - An observer (O) watching its progress along a hne inclined at b 
to the vertical (or c - ')()° — b to the ground) would see it move through x = d cos b 
with an act-clerauon 2x — ^ g cos 6 or ^ sin c This is the value to which actual 

accelerauon down the slope approximates when fricuon is negligible, and hence its 
accelerauon downlthe slope is equivalent to its accelerauon when falling vertically 
resolved along its path 

imparts an acceleration ^ m the vertical direction The law of terrestrial 
gravitauon may therefore be put in another way by saymg that tlie mobihty 
of falling bodies can be attributed to the same motive <power which pulls 
them in the same hne of action with a force proportional to their masses 
Thus the toroe of gravity actmg on a weight of M lb is 32M poundals, and 
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a force of 1 lb weight, i e the force with which a pound weight is pulled 
earthward, when it hangs from a spring balance, is 32 poundals 

The view to which Galileo’s experiments led therefore reduced Aristotle’s 
logic to an absurdity If the same motive power pulls all material bodies near 
the earth’s surface in the direction of the plumb hne, i e towards the earth's 
centre^ the place to which all bodies “belong” is the centre of the earth It 
is difficult to see how there can be enough room for them Consequently 
there is no intelligible meanmg m the question, where does a body “belong” > 
The only quesuon for which we can hope to find an answer is how do 
bodies actually behave? This we can only discover by observmg them, 
makmg theones about how one observation is connected with another, and 
then testmg them to see whether they are nght 

THE PATH OF THE CANNON BALL 

Artillery was at first used more to destroy the enemy’s morale than for 
the material destruction it produced To be effective in the latter sense it was 
necessary to know how to hit the objective Accuracy of aim demanded a 
theoretic^ basis Galileo’s law of fallmg bodies provided it with one A 
cannon baU when fired mto the air has two movements One results from 
the explosion, givmg it an imtial velocity m a certam direcuon dependmg 
on the angle which the muzzle makes with the horizon The other movement 
is due to the fact that gravitation is pulhng the projectile vertically down- 
wards, so that It tends to gather veloaty towards the earth The result is 
±at It travels along a curved path The theory of the pendulum clock, and 
with It that of the earth’s orbital motion, depends upon understandmg how 
movement m one direction can be represented as the result of movement in 
two other dUrections 

It is so natural to spht a compheated form of movement into simpler 
components that you may not have realued that we have done so already 
The description of the sun’s apparent course m the heavens as a diurnal 
rotation m a plane parallel to the equmoctial and an annual retreat m the 
eclipuc IS a purely arbitrary trick to assist us (Fig 166) m foUowmg its 
contmuous apparent track though a closely wound closed spiral The same 
trick was suggested by the practice of navigation m another way To reach 
a destmation when rowing or sailmg m a steady current, you have to keep 
the boat’s prow tilted away from the direct hne of approach m the direction 
opposite to the current (Fig 154) The velocity of currents is easy to measure 
by the progress of corks floatmg away from a vessel at anchor, and expenence 
gives you a fairly good estimate of your average workmg velocity when rowmg 
m still water. 

To find your progress along the actual hne of approach you have only 
to lay off the distance (AB) a cork would drift with the current, and the 
distance (BC) you would move m still water durmg the same mterval of time 
along the direction of the* boat’s axis These two hnes form the sides of a 
triangle of which the third (AC) is the distance covered m the same time along 
the actual path of motion, or, what comes to the same thing, the two adjacent 
sides of a parallelogram whose diagonal through A gives jhe distance of the 
actual path If the mterval of time one umt, and \he vdoaty is fixed, the 
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component and resultant distances are numencally the same as the correspond- 
ing velociues The same construction holds for accelerations Since 
d = iat^ = la when i = 1, i e one umt of time after the motion starts, 
accelerations are directly proportional to distances traversed m equivalent 
time mtervals from rest 

In dealmg with several simultaneous movements it is much better to 
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Fig I6t)— S un’s Apparent Motion in the Celestial Sphere 

Ihe sun’s apparent motion m the celestial sphere is continuous Though we find it 
convenient to think of it as two separate mouons, a diumaJ rotation westwards over 
tile horizon, and an annual retreat eastwards, a quick motion picture would reveal it 
as movement m a closed spiral with 3b5 turns A closed spiral of five turns is here 
showTi to sunphty the issue The figure would represent a continuous tableau of the 
sun’s apparent motion through a year, if the earth took 7d of our days to complete a 
single revoluuon about its axis 


follow the nauucal plan by keeping a separate balance sheet of eastward 
(positive), westward (negatne), or northward (posidve), southward (negative), 
bearmgs, as explained in Figs IbS and 160 The map method is really, as it 
IS historically, the same thing as the graphical method of representing a 
movement, i e so many t-measurements and so many simultaneous y- 
measurements All you have to do is to add up all the east-west bearmgs 
or x-measurements and all the north-south bcanngs or ^-measurements to 
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Ships rtiovQivxm.t (x) 

Fig 167 — Dissection of Complex Movement 
During an interval t (here 3y , seconds) the boat moves with a fixed velocity 12 miles 
per hour (17 ‘ feet per second) through a distance 66 feet along a straight canal, while 
the man moves straight across the dedc 14 feet wide with a fixed velocity of 3 miles per 
hour (4^ feet per second) Relative to an observer at right angles to the line AC the 
man appears to pursue a steady path with a velocity v = AC — t Smee AC^ = 
CD* + AD* 

(¥)■=(“)■+{“)■ 

So if we call the man’s velocity relative to the bridge Vy = CD — t, and his velocity 
relative to the bank Vx — AD — f 

V = Uy + u. 

His resultant veloaty along the actual path which he pur sues m s pace (shown m an 
air photograph with the boat blacked out) is therefore V 9 -H 1 44, or approximately 
12^ miles per hour Smee tan h = CD — AD = 3 — 12 or 0 26, the inclination of his 
path to the bank is the angle whose tangent is 0 26, approximately 14'’ from tables of 
tangents Knowing the angle we could deduce his velocity relative to the bank (boat’s 
monon) and to the bndge (his own) from the cmema record taken from the air, from 
the fact that he moves through CD relative to the bridge and AD relative to the bank 
durmg the ume taken to move AC with his resultant velocity v Smee cos h = AD 
— AC = (AD — t) — (AC — Oj cos h ^ Vx^ — V and vx — v cos b Similarly Vy~v sin b 



Fig 168 — Relative Motion in the Same Straight Line 

Distances traversed mithe same time and hence veloaties or accelerauons can be added 
or subtracted accordmg to direaion In the figure the resultant mouon of the man 
relative to the bank is4 — 2J — 3 = — 1^ miles per hour usmg the ppsitive sign 
for motion left to right • • ♦ 
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get the X and y measurements (E-W and N-S bcanngs) of the resulting 
path If all the distances in a chart of this kind correspond to the same unit of 
timCjthe final result does equally for velocity or acceleration, since the velocity 
of a moving object after moving for t umts of time from rest is proportional 
to the distance through which it has moved, and this is also proportional to 
the velocity it has gained, 1 e its acceleration If the tune interval from rest 
is 1 unit, velocity and acceleration are represented by the same number of 
units and the number of umts of distance covered is half as great 



In the graphical method of makmg a scale diagram to find the direction or magnitude 
of the resultant of several mdependent mouons, we make use of the fact that mouons 
along the same straight line are additive with due regard to sign Each component 
mouon IS therefore spht up mto two at nght angles like the N-S {y measurements) 
and E-W {x measurements) bcanngs of a ship’s movmg course (which suggested the 
graphical method m the age when maps m latitude and longitude were first used 
extensively) We then add up (with due regard to sign) all the northerly and all the 
westerly items m the separate balance sheets of bearings, keepmg the posiuve sign for 
the direction from S to N or from W to E and the negauve sign for the converse 

For example m (a), the motion OP can be split up mto x mdy, and the mouon OQ 
split up mto X and Y Then by addmg the E-W bcanngs together and the N-S 
bcanngs together we are able to find the direcuon and magmtude of the resultant 
vcloaty OR 

Case (6) is similar, except that two of the bcarmgs happen to be negauve 

In practice you will usually find it simpler to work m distances and use 
the graphical method of dissecuon which we shall first apply to an analogous 
but more pacific problem than the one which exercised Galileo When a 
mail bag is dropped from an aeroplane it execute? a path like a jet of water 
projected horizontally from a hose, the reason bemg the same Its own 
inertia m virtue of the motion of the plane, which we^hall assume to be 
movmg parallel to the ground, gives it a drift forwards as it falls So m order 
to know where to tet go af it is to reach, its proper destinauon it is necessary 
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to drop It before the aeroplane is directly over its destmauon, and to be able 
to calculate the distance between the position of the aeroplane at the correct 
time of droppmg the mail bag and a point directly above the place where the 
bag IS supposed to land 

The graphical representation of the descent of a mail bag dropped from an 
aeroplane movmg horizontally with a velocity u at a height h m Fig 170 is 
made by combmmg the principle of inerua with what we know about the 
way in which bodies fall If the aeroplane moves through x feet m t seconds, 
X — vt The mail bag would contmue to move m this way if its motion were 



Fig 170 — Descent of a Mail Bag from an Aeroplane Cruising at 60 Miles 
Per Hour at a Height of 640 Feet^ Above Ground 

Air resistance is neglected, if the speed of the ’plane is not very great. 


not also affected by gravity While it is movmg through vt feet m the 
horizontal direction m virtue of its merua, it is also droppmg through a 
vertical height J = Igt’^ under gravity If it sinks to a height while it 
moves forwards through a distance x, you will see from the figure that 

y z=z h — d 

And since x = vt^ 


and 


y 


= A- 


2v^ 


I* 
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When the mail bag reaches the ground >1^0 and so 

X = z;V2/2 — ^ 

; 


Tune 

1 e-i ) 

Htnakt 
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riG 171 — Galilfo’s Cannon Bail Problem 


This IS calculated for a muzzle velocity of IIG feet per second at in elevaaon of 70^^ 


The numerical dimensions of tlie figure correspond to the course of a mail 
bag dropped from an aeroplane cruising 040 feet above ground at 60 miles per 
hour (88 feet per second) Hence the horizontal distance which it travels 
before it reaches the ground is 

88 \/ 1 ,280 — 42 53b feet (approximafely) 

That IS to say, the bag must be dropped when the aeroplane has stdl to travel 
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556 feet before it is directly above the place of dehvery The points on the 
curve are plotted from the equation, which corresponds to part of a parabola 
The cannon baU problem which Galileo tackled is identical with that in 
which the aeroplane is rising steadily as it drops the bag If the ball leaves 
the gun with a velocity v at an angle a, it would move through a distance 
d= vt reachmg P in ^ seconds, if gravity did not pull it earthward It would 
then be h feet above ground, mstead of y the height to which it has fallen 
meanwhile The height through which it falls in t seconds is therefore h 
and 

h—y = 


The figure shows that 

h = dsin a 
= vi sm a 
y = vt sm a — 


The horizontal displacement along the x axis during the first t seconds is 
X = vi cos a, so that t =~ x -- v cos a If we put this for t in the last expres- 
sion for yy 

X sm a gx^ 

^ cos a 2v^ cos’* a 


When the ball reaches the ground 3 ; = 0, so that 


gx 

2v^ sm a cos a 


- 1 


Since sin 2 a = 2 sin a cos a 

sm 2 a 

X “ 

g 

This gives the range of the cannon ball To get the maximum height, sub- 
stitute half this value of x m the original formula for y 

In applymg the law of terrestrial gravitation to the range of the cannon 
ball, Galileo was the first to use the principle of inertia The obvious limita- 
tions of this law did not escape his attention and his confidence in applymg 
It was based on simple considerations Since wood shavings fall slowly, while 
a wooden ball falls from the same height in approximately the same ume as 
a cannon ball, we can conclude that air resistance does not make much 
difference to the movement of compact sohd bodies Newton showed that a 
com and a feather keep pace m a long cylinder from which all the air has been 
pumped out, when the cyhnder is turned upside down He thus concluded 
that the presence of air is the only circumstance which limits the rule that all 
bodies fall to earth with the same acceleration That air itself is pulled earth- 
ward is shown by the very existence of the atmosphere, and we see later 
(Chapter VIII) that the behaviour of balloons is no exception to the more 
general law that all matter fails earthward wi± the same acceleration at the 
same place m a vacuum We now know that air friction increases enormously 
at very high speeds So it cannot be neglected m the practice of modem 
artillery Calculauons which gave a jolerable precision wj^cn applied to the 
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slow-movmg short-range projectiles of Galileo’s tune would lead to grossly 
inaccurate conclusions about the shells used m warfare today When Big 
Bertha shelled Pans at a distance of 76 miles with shells nsmg to a height of 
24 miles and a muzzle velocity of 1 mile a second, its actual range and the 
height of projection were just less than half the figures calculated by the 
method shown m Fig 171 

Apart from the big resistance of the air when modern projectiles are fired 
at very high speeds, the method Galileo used would not be correct for another 



< X=-d(i S ■>->' > 

Fig 172 —Aik Friction and Range of Projectile 

Neglecting air resistance and gravity the projectile would reach Q m r seconds travelling 
with velocity v at 55 to the ground 

Neglecting air resistance only the distance travelled before hitting the ground is 
given by 


V* sin 2a 


(seep 2G7) 


Tins calculauon would be stnctly true in a vacuum, where there is no atr resistance 
In real life there is considerable friction m the passage of the projectile through the 
air Experiment shows that the frictional resistance of the air increases wi5i the 
velocity of projecuon, and is small at low speeds Hence the formula gives a fairly 
good rough estimate for a slow cannon ball like those used m the time of Galileo 
It IS grossly inaccurate for modern artillery v^luch can project shells like those of Big 
Bertha at 1 mile a second Big Bertha shelled Pans 76 miles away at an angle of 65|® 
Neglecting air resistance the shells would hav e fallen at twice this distance, i e (since 
1 mile = 5,280 feet) 

(5,280) ^sm 111 _ g^280 x 166 x sm 69® feet = 165 x 0 934 miles = 154 miles 

Its maximal height of 24 miles was less than half the height 66 miles given by the 
graph of X and y 


reason Over a short range we can regard the earth as nat, the direction of 
the plumb hne as everywhere parallel, and the value of g as fixed We shall 
see later that g falls olf quite appreciably at a high altitude, and the angle 
of the plumb Ime rotates through a degree m a 70»mile range So it \<ould be 
more correct to reckon the accelerauon of the shell at each stage of a long 
course as if it were directed towards the centre of the Qgrth, and we should 
have to make allowance for the fact that its numencal value as well as its 
direction ^changes fdurmp the shell’s joiyney 
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When anything moves m a curved path, hke a cannon ball, we can often 
look on Its motion as if it were made up of a fixed velocity along one hne 
and an acceleration directed to some fixed pomt If it moves with a fixed 
speed m a complete circle, it has an acceleration towards the centre When 
we make a stone swmg m a circle at the end of a string, the latter exerts a 
pull on the fingers, or, to put it m another way, the fingers exert a pull on the 
stone to keep it from flymg off at a tangent Since p ullin g power imphes 
acceleration, there is a continuous acceleration of the stone to the centre 
At first sight this may seem to be a paradox because the stone keeps ±e 
same distance from the centre throughout its journey The paradox dis- 
appears when you recollect what it would do, if the strmg were cut It would 
fly off at a tangent The very fact that it keeps a fixed distance from the centre 
imphes that at each stage m its journey it is falhng m towards the centre 
from the path it would follow if no strmg were pullmg on it Like the long- 
range projectile fired horizontally from a high mountam it has two motions, its 
own mema which dnves it along the tangent to the circle, and an acceleration 
towards a centre When its imphcations were fully understood, this novel 
aspect of motion m a circle revolutionized the technology of clock-making, 
and the theory of planetary orbits 

CENTRIFUGAL MOHON 

Before any substantial progress could be made m the theoretical design 
of seaworthy clocks it was necessary to understand rotary motion The 
problem of range-findmg is to reconstruct the curved path of the caimon 
ball from the circumstances of its motion Rotary motion sets us the converse 
problem of reconstructing the central acceleration of a movmg body whose 
path is known If we could make a film of the path of a mail bag dropped 
from an aeroplane flymg at a known horizontal speed we could calculate g 
from the graph When we rotate a stone m a circle at fixed speed we know the 
path, and the calculation is comparauvely simple 

The chief thmg which is likely to cause difficulty is that the word accelera- 
tion is now used m everyday speech for increasmg (or decreasing) the speedo- 
meter rcadmg without regard to the course itself As long as the course is a 
straight one the car driver’s acceleration is the same as Galileo’s. This is not so 
when the car is tummg a bend If Galileo’s acceleration merely meant change 
m the readmg of a speedometer, no pull would be needed to change the direc- 
Uon of a car which kept a fixed speedometer readmg while tummg a bend 
Acceleration as a measure of pulling power is not necessarily the same as 
change m speedometer readmg It is based on stop-watch readings like those 
of speed-cops watchmg the car as it passes two fixed pomts at the ends of a 
surveyor’s chain This comes to the same thing if the car’s course is a straight 
one parallel to the cham 

VCffien we have to deal with motion m a curved path, the ordmary meamngs 
of the Vords speed, velocity, and acceleration, as they are used loosely m 
everyday life, have to be modified to take account of the prmaple of mertia 
A weight can be apphed to affect the motion of an object m either (or both) 
of two ways. One is to change its speed along its own straight path When this 
is so, the veloaty of the movmg object is numencaUy the|same tlnng as its 
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speed, and the accelerauon imparted to it merely signifies mcrease or decrease 
of speed in one direction or its opposite, as m the everyday use of the words 
A weight can also deflect the straight hne motion of an object from the direc- 
tion m which It IS movmg So, if pullmg power depends on ±e acceleration it 
can impart, acceleration must be measured so that it imphes change of direction 
as well as change of speed This can be done wi±out sacrificmg its ordmary 
meaning as apphed to motion m a straight hne, like motion down a flat slope 
or vertical motion under gravity To make it measure change in direction as 
well as change in speed (actual distance traversed m one second), is not 
difficult if we recall how we measure direction when we have to be precise 
about It 

To measure the direction in which a body is movmg we have to select 
some fixed hne or plane of reference Commonly we choose the N-S meridian 
or the hne joining the east and west pomts on the horizon, when we are 
spcakmg of terrestrial motion like that of a ship We use the meridian and 
the plumb hne when we are talkmg of celestial motions hke that of the 
sun We measure the direction of a movement by the angle which the fixed 
hne or plane of reference makes with the path of the movmg body at any 
instant if its path is straight, or with the tangent to it if it is tummg a 
comer The distance which a moving object traverses m a given time depends 
on the direction /rom which we are looking at it If we call its progress measured 
along a hne at right angles to the direaion in which a person is lookmg 
at it, Its motion relative to the observer^ its movement relative to observers 
lookmg at it from different aspects will generally be different In what follows, 
we shall assume that the observer is a long way off The “lines of sight*’ are 
then parallel for the same person 

The observer who watches the progress of the car m Fig 173 by the 
telegraph poles along the road AC, which is its actual path of motion, sees it 
pass five gaps Durmg the same time an observer watching it pass the tele- 
graph poles on the road BC sees it pass only three of the gaps between the 
poles at the side of the latter A third observer counting the telegraph poles 
along the road AB as it passes them, sees it pass four gaps Relative to the 
three observers the distances covered durmg the same time are m the ratio 
6 3 4 If one gap is the umt of distance, the first of these is the speedo- 
meter reading, i e its speed in the ordmary sense, which signifies the actual 
distance traversed by the car m unit time Speed, then, is distance covered m 
umt time relative to an observer lookmg along the hne at nght angles to the 
actual path If the path itself is curved, the observer can only do so by 
changmg his pomt of view So speed, as the term is ordmanly used, does not 
imply motion relative to a fixed observer y i e to an observer watchmg it with 
reference to the same fixed hne 

In everyday speech we draw no distinction between speed and velocity If 
we hnut the use of the word velocity to the measurement of motion relative to a 
fixed observer, there is no difficulty m adapting our definition of acceleration 
as mcrease (positive sign) or decrease (negative sign) of velocity m umt time 
to the measurement of a pull when it only affects the directon without changmg 
the speed with which an object is moving As long as a body moves m a 
straight hne the actual speed or distance traversed in umt time is numerically 
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the same as its veloaty relative to an observer looking along a hne at right 
angles to its path, i e its displacement in unit time along the Ime of reference 
Its acceleration is therefore numerically the same as the rate at which its 
speed IS changing On the other hand, an object movmg with a fixed speed 
round a comer cannot move through equal distances, measured parallel to 
the same straight line, in eamvalent intervals of time So it cannot have 
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Fig 173 —Motion Relative to Different Fixed Observers 

Tor reasons stated m the text, the observers stand at a distance much greater than 
can be shov^Ti in a diagram 


a constant velocity relative to any fixed observer A car (Fig 174) which 
passes the milestones on a circular by-pass m equal intervals of time would 
give a constant speedometer reading, while its progress relative to the 
milestones on the main road would exhibit a contmual decrease So if a 
body moves in a curve at fixed speed, or in other words if it is changing 
Its direction withoi|f changmg its speed, it will have an acceleration relative 
to any fixed observer The dnver of the car m Fig 174 might regulate his 
speed so that he always appeared to pass the mileston<is along •the mam 
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road in the same interval of time Although he would then have no accelera- 
tion with reference to the mam road, he would still have an acceleration 
(cf Fig 1 75) with reference to a road at right angles to it Thus change of 
speed or change of direction always involves acceleration of motion (positive 
or negative) relative to some fixed observer 
At every point in its course a weight movmg at fixed speed in a circle 



Fig 174 — Constant Speed Implii^ Acceleration 

The car passes the milestones A, B, C, etc , on the by-pass m equal mtervals of ume 
Hence its speedometer reading does not change Its mouon relative to any fixed straight 
line IS continually changing For mstance, relative to tlie mam road it passes tlirough 
the distance ab while it moves on its own path through AB, and while it takes the same 
time to move from F to G it only traverses fg relauve to the mam road Thus its 
velocity decreases as it appears to move away from the cross road which forms the 
centre of the arc If it moved m the opposite direction, its velocity would appear to 
increase It has a negauve acceleration along the diameter to its path as it moves away 
from the centre 


has an acceleration along the hne joming it to the centre This acceleration 
measures the rate at which it must be pvilled in to counteract its own sluggish- 
ness which would carry it forwards along the tangent If it makes one revolu- 
tion in a circle of radius r feet during T seconds (called its periodic time), 
It actually moves through 27rr feet with a speedometer reading of (27rr) — T 
feet per second Having reached some stage represent^ by P m Fig 176, 
It would conunue to move in the straight Ime along the tangent to its circular 
course if 'there were no force pulling it to the centre At P it is actually movmg 
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X-axLS’ 

Fig 175 — Changing Direction Always Implies Acceleration Relative to 

Some Observer 

The figure shows successive positions at the end of each second during a 5-second 
movement of an object m a curved path Its speed as well as its direction is changing, 
being obviously greater m the last than m the middle second mterval Relative to the 
X-axis the change m speed makes up for the change m direction, and the distance 
traversed m umt ume is the same and is always to the right Relauve to the Y-axis 
its velocity changes proportionately more than its speed along its actual path 
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Fig 176 — Weight Revolving in a Circle at Fixed Speed j Feet Per Second at 
the End of a Cord r Feet Long 

If there were no pull exerted by the cord, 1 e if the cord were cut at the instant when 
the weight reaches P, it would fly off at a tangent, reaching Q durmg the time in which 
It would otherwise get to R At the instant when it is at P its direction of movement 
IS along PQ Hence its speed s is numerically the velocity with which it would con- 
tuiue to move of its own mema through the distance c = PQ in time r, 1 e c — if To 
bring it to R durmg tke same tune, we have to supplement its mouon m virtue of its own 
meitia, like that of the mail bag m Fig 170 with a motion parallel with RO at each 
stage m its course This must inake it fall a distance b along RP while it would other- 
wise reach Q If its acccleraaon along R© is u, 6 = Jaf* • { 
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in this direction So its velocity along the tangent would also be (27rr) — T 
if the cord were cut when the weight reaches P In a short interval of 
time t seconds it would then traverse a certain distance c feet reachmg Q 
Actually it does not reach Q The force exerted by the stnng keeps it moving 
inwards, so that it is at a fixed distance r from the centre Just as the mail bag 
continues to move with the horizontal velocity of the aeroplane, while falling 
simultaneously with an acceleration g earthward, the weight would travel 
from P to R if 

(a) it continued to move forwards along PQ with a velocity s {— 27Tr - T) 
through a distance c in time i (see Fig 176), 

(b) it also fell inwards during the same time / along a direction parallel to 
RO through a distance b with fixed acceleration 

The defimtion of velocity tells us that s c — t, or r = 5^ = ^Trri — T 
The rule connecting acceleration and distance tells us that b \at‘^ The 
theorem of Pythagoras shows us the connexion between the distances h and 
c, I e 

(r f b)^ c* -f r* 

2br + 

2h{r + \b) - r® 

at^lr T ~ T’ 

477 ^ 

1 ^) -* 


When the weight has not moved appreciably bevond P the distance b does not 
differ appreciably from zero, and the direction of QO does not differ appre- 
ciably from PO So, if wc neglect a becomes the instantaneous acceleration 
along the radius w'hen the weight is at P, and 
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If the mass of the weight is m the force it exerts on the stnng is therefore 


F m a 



If the circular speed is « revolutions per second it takes 1 — rj seconds to 
rotate once and 

1 

T - 
n 


Hence we can also write for the force exerted on a mass of m rotating at a 
distance r from the centre of a wheel making n revolution^ per second 


F = (27m)*mr 
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If m IS measured m pounds^ n in revolutions per second, and r in feet, this 
gives the force m poundals If m is measured in grams, n in revolutions per 
second, and r in cenumetres, it gives the force in dynes 

There are two ways of representmg the motion of an object revolving at 
fixed speed m a circle Each is useful, and the two are complementary In 
a tug of war, when each side is keeping the same distance from the line, the 
two teams are pulhng with equal strength in opposite directions The forces 
exerted are numerically equal, and we represent them with opposite signs 
TO sigmfy that ±eir sum in either direction is zero Hence there is no motion 
In the precedmg paragraphs we started with the prmciple of inertia, that is 
to say with the known fact that the weight would fly off at a tangent if the 
cord were cut We then asked what acceleration towards the centre is neces- 
sary to keep the weight at the same distance from it We are equally entitled 
to put the question m the converse form If a weight revolvmg in this way 
has an acceleration towards the centre, we must also say that it has an equal 
acceleration away from the centre to keep it at the same distance from it 
The first or centripetal acceleration — {27Tn)h depends on the cohesive power 
of the cord which resists any attempt to stretch it The second or centrifugal 
accelerauon + (2Tm)h is a ma±ematical tnck put in to signify that there is 
no actual motion towards the centre Because of the power of the cord or 
support to resist stretchmg, a revolving weight is pulled towards the centre 
of motion As in a tug of war, the two pulls, away from and towards the 
centre, are balanced If we use the positive sign for the outward direction. 
It comes to the same thmg whether we say that the centripetal force exerted 
on the weight by the cord is — (flmCfnir or that the centrifugal force exerted 
by the weight on the cord is + {fLirnfmr 
The practical importance of the distinction is easier to see, if a piece of 
elastic is used instead of an ordinary cord which does not appear to stretch 
appreciably It is a matter of common experience that a large weight stretches 
a piece of elastic more than a small one When a weight hangs vertically from 
a piece of elastic, the power of the latter to resiU further stretching cancels out 
the action of gravity and must therefore be represented as a force of equal 
strength and opposite sign The resisting force of a piece of elastic therefore 
increases with the load It is easy to satisfy yourself that a weight swung in 
a circle at the end of a piece of elastic stretches the clastic more when the 
speed is mcreased As we increase the speed, the centrifugal force outwards 
from the centre is also mcreased The weight moves farther away from 
the centre, thereby mcreasing its centnfugal force, while at the same time 
mcreasmg the power of the elasuc to resist any further stretching When 
the latter just balances the former, the weight contmues to revolve at a 
fixed distance from the centre If the speed is reduced, the centrifugal force 
is weakened The elastic resistance bemg now the greater draws the weight 
inwards Smee diminishing the length dimimshes the power of the elastic 
to resftt stretchmg (see p 291), there comes a pomt when the elastic pull is 
no longer m excess, and the weight contmues to revolve at fixed distance from 
the centre, thought nearer to it than it was when the speed was greater 
To test the law of motion m a circle we have only to attach a weight to a 
sprmg balance fixed by a ting to thq axle of a tumii^ble, ejn which*the weight 
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can slide without appreciable fncaon (Fig 177) When the table is maH^ to 
rotate the weight will move outwards and stop at a certain distance from the 
centre This distance r depends on the speed The sprmg balance records 
the pull of a weight hanging vertically So an extension marked M lb corre- 



sponds to 32M poundals If the mass m is rotating at n revolutions per second 
r feet from the centre, 

32M = (27m)W 

If the mass attached to the sprmg balance is 2 lb , and it remams steady 
2 feet from the centre when the wheel rotates at 20 revolutions per second, 

32M = X 20y X 2 X 2 

Taking -Itt- as approiumately 40 ' 

M = 2,000 lb 
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That 1 $ to say, the scale reading of the spring balance would correspond to a 
hanging weight of 2,000 lb 

The construction of a variety of devices based on this principle provides 
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Fig 178 — Principle of the Cream Separator or Centrifuge 
To calculate the angle of ult of the two tubes rotating on a bar of radius r at a given 
speed 

/277\ 


tan a = m[- 


f7\* 

- \ r - mg ^ 


47tV 

T^g 


Thus if the distance of the fixed end from the centre is I foot and the axle makes 
6,000 revolutions per nunute the time of a revolution is 60 — 6,000 = 0 01 second 
Taking 4jr* — 40 and ^ = 32 feet per sec^ 

tan a = ^ i -r i = 12,600 

32 X 0 01* ’ 

Since tan 89® = 67 29, the tubes are inclined at over 89® to the vcitical, and would 
hence be practically horizontal at this speed 


tangible evidence of this pull Examples from the everyday life of our own 
time are the cream separator, the governor of a steam engme, and the analo-^ 
gous device with air vanes used as a brake to ensure the constant speed of a 
gramophone record. The cream separator is essenpally ]|ke the laboratory 
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centnfuge, which consists of a rotating bar or flywheel, from the run of which 
a series of tubes are suspended so that the lower end is free to tilt upwards 
and outwards (Fig 178) Durmg rotation the centrifugal acceleration 
(27r«)V at the top of the Piht is balanced by the ngidity of the support, while 
the opposite end is pulled downwards by gravity and the resultant pull R 
(Fig 178) makes it tilt outwards during rotation At high speed the pull 
outwards is far stronger than gravity, and makes cream rise or sediment 
settle much more rapidly than it would do if left to the action of gravity 
alone In the governor oi a steam engine (Fig 170), the two metal balls are 


' riviouK 

111 


Fig 179 

How the Governor ot a steam engine allows the escape of steam when the speed exceeds 
the danger limit depends on the same principle as the centnfuge Two metal balls are 
each connected bv a pair of levers with two collars A or A' and B The weight of 
the balls keeps them 111 the posiuon shown on the lett when the engine is at rest As 
the shaft revolves the balls fly outwards as shown on the right lifting up A into position 
shown as A" A lever attached to A is connected to a throttle- valve in the ste^ pipe 
hiding to the cylinder which closes when the collar A rises to a certain height 
depending e>n the speed of rotation Only one bill is shown in each position 

connected with a lever device At a certain speed the balls fly apart so far 
that the lever closes a throttle controlling the supply of steam to the cylinder 
so the speed cannot exceed the linuts of safety A common type of speed 
regulator for gramophones has a lever attachment like that of the steam 
engine governor, working a brake when the speed reaches the limit required 
In the analogous device which is used to regulate gramophone speed, 
the air-resistmg surface of the vanes maeases and thereby opposes further 
increase of speed 

The calculation of centrifugal force is also necessary for laying rails at 
appropriate heights to allow for the tilt of trams in tummg a bend In its 
own soaal context it arose from the technology of the pendulum clock, and 
the formula was first actually pubbshed m Huyghens’ Horologium OsetUa- 
ionxmx The first clocks were purely empirical devices, m which a descending 
weight was the m )tive power Later the weight was replaced by a sprmg 
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The problem of clock construcuon is to regulate the fall of a weight, or the 
contracuon of a stretched spring, so as to dnve a wheel at a constant speed 
This IS done by a device called the escapement (Fig 181), which consists of 
two arms cut so that one is free when the other engages the obhquely toothed 
nm of the driving wheel, and vice versa As the drivmg wheeJ revolves, the 
pressure of a tooth swmgs one arm up As it clears the tooth, the other comes 
down between a pair of teeth, engagmg them till its fellow swmgs down 
The motive force is thus regulated to impart constant speed by the regular 
swinging of the escapement to and fro So accuracy of tunekeepmg depends 
on makmg the mterval of the escapement swmg constant 

In the first clocks this was done by what was called the “verge escape- 
ment’’ (Fig 181) The escapement was fixed to a bar with a heavy weight at 
each end First it was turned one way by one tooth of the drivmg wheel 
Then another tooth on the opposite side swung it the other way If the 
teeth of the nm were of the same size and cut at the same angle, the bar 


\ 





Fig 180 

Inclination {a) of rider on a circular speed track as the resultant of two accelerations 

at right angles 

and weights turned through the same angle m opposite directions taking 
the same mterval of tunc for each swing To make this arrangement work 
witli great accuracy therefore required very great precision in the construc- 
tion of die wheel and the escapement, and since the heavmess of the weights 
generated considerable friction, calculation of the dimensions was beset with 
formidable difficulties Accuracy m clock construction was not achieved until 
It was possible to devise an escapement which has a fixed period, independent 
of the size of the teeth on the drivmg wheel This can be done by means of 
a pendulum or a sprmg 


THE PRINCIPLE OF THE FIXED PERIOD 

The rule for rotational moaon leads dirccdy to another rule about the 
circumstances of to-and-fro motion with a fixed penod In the steam engme 
the torand-fro stroke of the piston is converted mto the rotary motion of 
the wheel Conversely if we rotate the wheel when there is no steam m the 
piston we can concert the rotary into a periodic motion It is not difficTilt to 
see that a wheel rotaung at fixed speed can be made to produce a pendulum- 
hke movement with a fixed penodic time The conmlete penod, the time 
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taken to move forwards and backwards to the same position, is the time 
taken for the wheel to make a complete revolution, i e its penodic tune T 
Fig 182 shows a type of piston rod attachment by which the horizontal 


(d) Escapamnt' 



(b) Andiov Escj^pcnicntr 


(c^ (^cIouIaL Siisptztisioiv 




Fig 181 — Evolution of the Pendulum Clock 

A pendulum swmgmg m a small arc of a circle is almost but not quite isochronous (i e 
with a period mdependent of the distance through which it swmgs) It is completely so, 
if the path of the bob is a cycloid, which is a curve like a semi-circle but steeper at the 
extremities By having a flexible support which bends round the curved jaws shown 
m the figure, the pendulum performs a cycloidal mouon for wide angles of swing 

displacement of a peg projectmg from a cucular wheel dnves a pendulum 
to and fro The horizontal displacement of the centre of the pendulum bob 
from Its midway position exactly corresponds to the horizontal displacement 
of the pm along thf diameter of the wheel, and hence the acceleration of the 
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pendulum bob is also equivalent to the acceleration of the peg along the 
diameter of the wheel 

Suppose now that at some instant durmg the rotation of the wheel in 
Fig 182 the radius r drawn from the centre to the peg makes an angle b 
with the axis of the piston The peg is movmg m a circle at fixed speed 
Inwards along r (see Fig 176) it has an acceleration whose numerical value 
may be represented by a^. According to rule 4, p 258, this is equivalent to 
an acceleration cos b along the piston axis (see also Fig 174) If the 
numerical value of this horizontal acceleration is 

= dr cos b 



biG 182 — Regular Pendulum-like Motion of a Pin attached to the Rim of a 
Wheel Rotating at a Fixed Speed, as seen in the Horizontal Plane 


If X is the honzontal distance of the peg from the centre (regardless of 
whether it is right or left of it) cos ^ — r, 

= djX ~ r 
a^-'X = a - r 

And since and r are both fixed 

* — = const 

X 

The pendulum of Fig 182 swmgs with a fixed period^ corresponding to 
one rotation of the wheel at fixed speed We now know that when it does so, 
the rati« of the numerical values of its acceleration and displacement along 
the Ime of swmg is fixed This clue is not enough to define a penodic motion 
of fixed period As i^ stands, the last formula takes no account of the direction 
of motion, and would also describe that of an object movmg continuously 
with mcreasmg speed in the same straight hne The motion of the pendulum 
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involves reversal of direction in each revolution with slowing down and 
speeding up in each half turn To define its direction we must use appropriate 
signs 

If X IS the honzontal distance of the peg from the centre, its displacement 
may be — x (ic ft to the left) or + x (x ft to the nght of it) With the same 
convention an acceleration + means gaining ft per sec m each second 
while movmg to the nght or losing ft per sec ^ while moving leftwards^ 
and ~ a* means gaming a, ft per sec ^ moving leftwards or losmg ft per 
sec^ movmg rightwards In a complete clockwise rotation the honzontal 
displacement is + x, when the peg is moving downwards, and — x, when 
the peg IS moving upwards In the downward half turn (see Fig 174) its 
acceleration is - because it is first slowmg down as it moves nght, and 
then speeding up as it moves left Conversely, it is 4- u, m the upward 
half turn, when it is first slowmg down rightwards and then speedmg up 
leftwards With the usual conventions of sign the honzontal acceleration is 
therefore ~ when the displacement is + x, and + when the displace- 
ment IS — X To take account of this we replace the constant m the previous 
formula by a posiave quantity k to which the negative sign is fixed If we 
wnte, 

— kx 

ajc now stands for the actual acceleration with its appropriate sign, and x for 
the actual displacement also with its appropriate sign Thus if the displace- 
ment is d ft to the left, x — — d and ^ d) = + W, which is 

posiuve If the displacement is d ft to the nght, a^ ~ ~ kd, and since k 
and d are both positive the acceleration is represented by a number to which 
the negauve sign is attached This signifies slowing down in monon to the 
right or speeding up leftwards 

Since Of - r ^ = Ojc — Xy Or - r — ky and we know that the numerica, 
value of a„ the centripetal acceleration, (p 275) is (277- — T)V 

- r - (277 T)2 

T = 277 - \/ft 

So we have now two clues to the perfect clock escapement We have to find 
something which moves so that it has an acceleration of opposite sign and 
with a constant ratio {k) to its displacement along a fixed hne When we 
have done so us periodic time will be 277 — Vk 

« 

To visualize a periodic motion with correct use of signs, complete the 
following table showing tlie mean horizontal accelerauon of the pendulum 
device in Fig 182 m successive seconds The wheel rotates once m 36 seconds, 
1 e 10° per second Startmg when the pm is at the extreme nght-hand position, 
us horizontal displacement x is also r, the distance of the pm from the centre, 
so if r I, X = I At the end of a second the pm has rotated through 10° 
and X = r cos 10° cos 10° At the end of two seconds x = cos 20° and so 
on Tables of cosines tell us that cos 10° == 0 9848 anl3 cos 20° = 0 9397 
During the first second the displacement changes from x — 1 to x = 0 9848, 
I c 0 0152 ft to the wght In the nejet second it moves — 0 0461 ft Thus 
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Its mean velocitymthcfirstsecondis -- 0 0152 ft persec and its mean veloatv 
m the next second is - 0 0451 ft. per sec and the mean velocity gained m 
one second (mean acceleration) is - 0 0461 ~ (- 0 0162) = — 0 0209 ft 
per sec ^ This is its approximate acceleration midway between the middle of 
the first and the middle of the next second, 1 e , at the end of the first when 
Its distance is 0 9848 ft The ratio of its acceleration to its distance is — 0 0299 
— 0 9848 = — 0 0304 The table below calculated in this way shows that 
the ratio — — x is approximately constant, and closely agrees with the 

value of 477^ - T2 - 4 X 9 87 - (36)2 _ q 0305 


Time 

Angle 

( 0 ) 

Displacement = x 

Mean Velocity 
(Displacement 
gamed per sec ) 

Mean Acceleration 
(Velocity gained 
per sec ) = Oj. 

— ffr - ^ 

0 

0 

1 0000 




0 5 



- 0 0162 



1 0 

10 

0 0848 


- 0 0299 

0 0W4 

] 5 



- 0 0451 



2 0 

20 

0 9397 


- 0 0286 

0 0304 

2 5 



- 0 0737 



3 0 

30 

0 8060 


- 0 0263 

0 0304 

3 5 



- 0 1000 



4 0 

40 

0 7660 


- 0 0232 

0 0303 

4 6 



- 0 1232 



5 0 

60 

0 6428 





THE LAW OF THE PENDULUM 

So long as the escapement was unreliable, it was neither possible to make 
a clock with sufficient accuracy for finding longitude at sea nor to fix a con^ 
venient unit for measurmg short intervals of tune Galileo seems to have 
been the first person who recognized that a pendulum device might be 
used to make an escapement whose period does not depend on the angle 
of swmg, and is therefore independent of the precision of the teeth on the 
wheel The principle of the pendulum is that when a small weight swmgs 
through a small angle, at a fixed distance from a fixed pomt, its tune of swmg 
IS constant It is said that Galileo noticed this phenomenon, as a student, 
when he umed the swmg of a lamp suspended from the roof of a church 
by countmg his pulse beats It is more probable that the practice already 
existed among physicians, and that when he subsequently made accurate 
clinical observaaons on pulse rate by usmg a pendulum to count the heart 
beats of patients m high fever, he merely adopted the practice of contem- 
porary medicine Be that as it may, his important contnbution was to show 
that the penod of the swmg is approximately constant by mechanical 
standards, which had been used from tune immemorial to measure astro- 
noinicai tune He deternuned the number of swmgs of a pendulum durmg 
the time occupied by the emptymg of a vessel, found that it did not vary 
appreaably for lar^r and smaller swmgs, suggested its use m observatories 
for measurmg short mtervals between the transits of neighbourmg stars, 
and designed, without completmg, a clock with a p^dulum escapement 
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Having discovered the first simple and reliable means of measuring short 
intervals of tune, the next problem was how to construct a pendulum of 
which the swing occupies some convement fracuon of a standard long interval 
of time, e g a sixtieth of a mmute, or, as we now call this new unit, a second 
By counang the number of swings corresponding to the flow of a fixed 
quantity of water from a vessel, he estabhshed the followmg conclusions 
(a) witlun wide hmits tlie time occupied by a complete swmg (“period” 
of the pendulum) is not affected by the size or material of the weight, pro- 
vided that the length of the cord or rod is the same, (fc) if the length of the 
pendulum is varied, the square of the period (T) is directly proportional to 
the length, i e 

KL 

To see what this means, suppose a bob hangmg at the end of a cord 3 feet 
3 inches long makes 30 complete swings (i e from one posmon back to the 
same position) m a minute The period is then 2 seconds, 1 e 

2* = K X 3i 
K = 16/13 = 1 23 

So to make a pendulum which gives a half swing in 2 seconds (1 e one with 
a period of 1 seconds), the length is given by the equauon 

4^^= X L 
. L = 13 feet 

In a dock the escapement engages the teeth every half period So what 
is called a seconds pendulum is a pendulum whose half period is one second 
(1 e T = 2 secs ) Shortly after Galileo’s death his French pupil Mersenne 
(1644) determmed the length of a seconds pendulum with great care, and a 
little later Huyghens made the first successful pendulum clock (Fig 183) He 
also modified the form of the escapement ordinarily used so that the motion 
would withstand the rocking of a ship, and at last it seemed as if Huyghens’ 
marine clock had achieved what his fellow co^ontryman. Gemma Frisius, had 
dreamed of more than a century smee 

This was not to be A pendulum clock loses time, if taken from Pans to 
Cayenne in French Guiana This is because the swing of the pendulum 
depends on the pull of gravity, and the latter is not exaedy the same in all 
parts of the world It weakens as we get away from the earth’s centre in 
climbing a mountam (p 300) It is also different at sea-level in different 
lautudes, and this would still be so if the earth were perfeedy spherical 
The lautude variation provided a new means of testing the Copermcan 
doctrme Long before Copernicus adopted it as part of his system for 
calculating planetary motions, the Pythagorean brotherhoods, the Atheman 
Archytas, and Aristarchus of Samos, had in turn toyed with the earth’s axial 
motion as a speculaave possibility In Kepler’s time it still seemed to contra- 
dict everyday experience, and was justified only by arithmetical convemence 
The pracucal failure of the first manne clock brought it*to earth What was 
a senous ^setback to practical achievement set the stage for the new theories 
assoaated with Newton^ name • 
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Discovery was now becoming an orgamzed social mstitution One of the 
cultural offshoots of “Colbertism” m France was the foundation of the Pans 
Academy of Sciences m 1666, four years after the Royal Society received 
Its charter in England As the latter grew out of the meetmgs of the Invisible 
College (sec p 552), the Pans Academy arose from an association of a group 
which used to meet at the cell of Mersenne Mersenne was active m spreading 
Galileo’s teachmg The origmal members mcluded Descartes, Pascal, the 
mathematician Fermat, and Gassendi, whose commentaries on Epicurus 
revived the atomistic speculations of the early Greek materialists In con- 
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formity with Colbert’s policy the Pans Academy, like the English Royal 
Society, was actively interested in all problems related to navigation, then 
the touchstone of mercantile supremacy Under its auspices the Pans 
Observatory was inaugurated and completed three years before the one at 
Greenwich was established as a national undertaking A rich harvest of dis- 
coveries followed immediately To Pans came Cassim from Italy and Romer 
from Denmark Cassim undertook the calculation of tables forecasting 
echpses of Jupiter’s satelhtes for use m determining longitude at sea. The 
projea \^as undertaken m accordance, Professor Wolf tells us, with a sug- 
gestion made by Galileo himself A remarkable discovery to which Romer 
uas led in the course of a similar enquiry will emerge m the next chapter 
The Academy sponsored several expeditions, notably one to French Guiana 
with a view to simultaneous observadpns on the pauallax of Mars 'from the 
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Pans Observatory and Cayenne (Lat. 5"" N ). This expedition, which gave 
the first relatively satisfactory scale of measurement for the planetary system, 
signalizes an epoch m clock technology 
The technology of the clock, like other problems of navigauon, was a 
promment feature m the researches encouraged by the Pans Academy and 
undertaken by Mersenne himself Twelve years after the invention of 
Huyghens* pendulum clock (1657), Picard, one of the foremost astronomers 
of the Academy, made careful measurements to detemune the length of a 
sidereal seconds pendulum by star observations at Pans and Lyons. At the 
request of the Academy, m the expedition of 1672, Richer observed the 



1 Ki 181 — Tm Pendulum and the Inclined Plane 


length of the seconds pendulum at Cayenne On retummg to Pans he found 
that the same pendulum must there be lengthened by IJ Pans hues (12 to 
the inch) A year later Huyghens published the theory of the pendulum clock 
(Horologium Oscillatonmn) In this he explamed the retardation of the clock 
by the earth's axial motion, established the mechamcal prmciple involved 
m rotauon at constant speed, and arrived at the correct conclusion that the 
earth must be shghtly flattened at the poles 
We can see why a pendulum clock cannot be used as a rehable chrono- 
meter at sea by applying our two clues to the perfect clock (p 282) and 
the law of the mclmed plane Turn first to Fig 184, which illustrates a small 
weight swmgmg like the bob of a pendulum, m an arc qf a circle of radius r 
At my pomt m its course, we may consider it to be shdmg down an mclmed 
•urface represented by the tangent to the curve at the pomt where it is, with 
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downward acceleration ^ sm b From the geometry of the figure, sin h 
jc — L, and its acceleration (a) to the right along the tangent is, therefore, 



Thus the accelerauon is actually to the left Along the hue at right angles to 
the resting position of the axis of the pendulum, the equivalent acceleration 
of the bob is a cos b (see Fig 164) Now cos b does not differ much from 1 
when b is small (e g cos 5® = 0 9962 differs by only 4 parts m a thousand 
from cos 0° = 1 0000) at any part of its journey For a 4-inch swmg (2 mchcs 
each way) of a 3G-mch pendulum the maximum angle is 3 2"^ from the vertical 
and cos 3 2° = 0 9984 So cos b differs from 1 by only 16 parts m 10,000 over 
the extreme limits of the swing Even for a three times greater swing of 
12 mches or 6 mches each way when the maximum value of b is 9 5°, cos b only 
varies between cos 0° = 1 0000 and cos 9 5° = 0 986, differing from the 
mean of 0 993 by 7 parts in a thousand It also differs from the mean value 
0 9992 for a swmg a third as great by less than 13 parts in a thousand So a 
very small difference in the angle of swmg due to irregularmes of tooth cutting 
in a clock wheel can make only a negligible difference to the extreme values 
between which cos b varies We may therefore draw this conclusion To a 
high degree of precision for relatively small angles of swing the horizontal 
acceleration 


= — -~x cos b -- 



The horizontal acceleration towards the resting position is therefore pro- 
portional to Xy the horizontal displacement, and the constant ratio ^ is ^ — L 
The rule given on p 282 shows 

{a) that the pendulum swmgs with a constant periodic movement as we 
should expect if Galileo’s prmciplcs are right, 

(b) that the constant rauo k must be (27r — T)^ so that 

T = 277 — \/k ~ 277 

This you can test easily for yourself by hanging a button on the end of a piece 
of thread and countmg the swings with a watch On measurmg the length 
L of the thread you should get a value for g withm 2 per cent of the best 
values with httle trouble You can also see that it gives the length of the 
seconds pendulum (period 2 seconds) given already Takmg ( 277 )^ as approxi- 
mately 40, L — g — 10 = 3 2 feet or 3 feet 2 mches 
The important thmg about the calculation we have just made is that the 
period of the pendulum depends on ^ So if ^ vanes at different places the 
pendulum clock can only be rehed on to work properly while it is kept at the 
place where it was regulated The Cayenne expediuon showed that g does 
vary, and Huyghens found the answer 
The earth like a great wheel makes a complete rotation about its axis with 
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a periodic time (T) of 24 hours A man who could work miracles might 
suspend the pull of gravitauon as in the story by Mr Wells Any object 
would then fly off immediately at a tangent to its circle of lautude L (radius r) 
To keep an object from doing so, it would be necessary to impart an accelera- 
uon (2rr — T)h towards the earth’s axis parallel to the plane of the equator, 
or (277- — T)“r cos L in the direcuon of the earth’s centre If the man 
who could work miracles decided to stop the earth’s rotation instead of 
suspending the earth’s gravitational pull, the effective acceleration which the 
latter could impart to a body would be greater Objects would fall to earth a 
little faster, because gravitation would no longer be opposed by ‘‘centrifugal 
force ” Although we cannot stop the earth’s rotation we can get to the poles, 
where r is zero, and the value of g is not affected by the earth’s spm At any 
other latitude the pull of gravity has to do two thmgs (a) keep a body from 
flying off at a tangent to the earth’s surface, {b) keep it moving towards the 
earth’s centre if free to do so When we measure its acceleraUon towards the 
latter, we arc therefore measurmg the difference between its acceleration at 
the poles where the pull of gravitation has only to do {h) and the acceleration 
which would keep it at a fixed distance from the earth’s centre, if it kept to a 
circular path The observed value of g at latitude L should therefore be 

g - rcosL 

and if R is the radius of the equator (see Fig 185), this is 

^^Jrcos“L 

At the equator L — 0 and cos L ~ 1, R is 4,000 miles or 4,000 x 5,280 feet, 
and the time of a revolution is 24 hours or 21 x 3,000 seconds Taking 477“ as 
40, the observed acceleration is dimuushed by 

4,000 X to X 5,280 

^ P" “““‘I 

4 he earth’s spm therefore should reduce the value of ^ by 1 4 mches per 
second per second at the equator How to make a correspondmg calculation 
for any other latitude is shown m Fig 185 The value of g thus dimmishes at 
sea-level from the poles to the equator, and since the pendulum period vanes 
inversely with i;, T increases 4 hat is to sav, there are fewer swings m the 
same period of astronomical time, and the clock will be “slower” if taken to 
a lautude nearer the equator A “marine” pendulum clock would only work 
during a course along the same parallel of lautude It would also be useless 
for exploration, because the value of ^ is measurably smaller at the top of a 
high mountain and greater at the bottom of a deep mine than it is at sea-level 
4^he explanauon given refers to a simple pendulum, i e small weight 
suspended from a hght axis such as a thread, at sea-level (see p 300) We 
can then regard all the elfccuve movement as the movement of the weight 
4'o calculate the movement of an ordmary pendulum is a httle more comph- 
cated, because we have to average out along the axis the effecuve weight 
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involved m the descent by the methods explained on pp 610-611 m 
Chapter XII Huyghens calculated the motion of the compound, i e, ordi- 
nary, pendulum in his great treatise on the theory of clock motion, and 
also made another important discovery There is — as we have seen — a small 
error in the principle of the simple pendulum moving in a circle The period 
is almost but not quite independent of the excursion This error does not 
exist if the suspension (Fig 181) is modified so that the weight describes an 


P 



Pig 185 — Tnt Variation of ^ with Latitudl 


QB 

OB 


= sm QOB “ sm (90° — L) = cos L 


So if r radius of Lautude L (QB) and R the radius of the terrestrial sphere (OB), 
r ^ R cos L = cos L X 4,000 miles, 

c g at Lat 45°, since cos 4 5° == 0 707, r = 2,828 miles The central acceleration at 
Lat 4a°, when the units of distance and time are the foot and second, is 


(_^ 


40 X 2,828 X 5,280 

24^ X 602 ^ 


= 0 08 ft per sec ^ (approx ) 


So (277 ~ T)2r cos L is 0 08 x 0 707 = 0 06 Thus, if the value of g at the North 
Pole is 32 26, it is ^2 20 (feet per sec ^) at Lat 45° 


arc of the curve called a cycloid The cycloidal pendulum is isochronous The 
quest for a perfect clock stimulated mathematical researches into the charac- 
teristics of new families of curves such as the cycloids and epicycloids 


THE LAW OF THE SP^NG 

The struggle for mercantile supremacy durmg the period which mtcr- 
vened between the two Enghsh revolutions of the se^venteenth century was 

K 
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accompanied by a lively interest in aU scientific problems bearmg on naviga- 
uon Foremost among this English group of saentific men m the early 
days of the Royal Society and its parent body the Invisible College were 
Robert Hooke, Newton, Halley of comet fame, and Flamsteed, the first 
director of the newly founded observatory at Greenwich Newton’s studies 
on telescopy have been mentioned Hooke’s contributions to weather fore- 
casting will come later (pp 557 -9) Not the least important of his researches 
in the theory and practice of navigation were his various clock inventions 
The principle of the stretched spring is still called Hooke’s law 

Hooke’s position and personal characteristics are the portent of a new 
epoch in scientific discovery and the symbol of a past age The socialization 
of St icntific knowledge had taken a decisive step forward at the foundation 
of the new academics for the free distribution of new discoveries by regular 
publication m journals primed in the vcrnaailar Prominent among these 
was the PLilosophical TnmsacUom of the Royal Society The need for nc\v 
organs ot education to replace or supplement the teaching of the medieval 
universities was already felt, though bale was done to estabhsh colleges and 
technical mstitutions free from ecclesiastical control unal after the mdustrial 
revolution In Bntaui, London, the hub of British mercantilism, was excep- 
tional At Gresham College, the earliest forerunner of the London L^niversity, 
Hooke professed mathematics and mechanics In the older universities 
astronomy had rctamed its traditional prestige, and medicme had gained a 
footliold (see pp 557-9) There were now expanding opportunities of regular 
employment, and men of scientific capabilities were no longer wholly depen- 
dent on veilthy patrons if their social antecedents vouchsafed the necessary 
training Regular employment for scientific pursuits and regular publication 
of discovcTKs went hand in hand A new sen«e of common endeavour 
usurjKd the atmosphere of secrecy sustained by the msecuntyof patronage 
and the dread of the Inquisition 

Hooke’s practice combined the generosity of the new age and the parsi- 
mony f>f the past He was active in promoung schemes for co-operative 
endeavour, like his weather records, and lavish with fruitful suggestions 
(sec p 55 No doubt Newton reaped the benefit of some of iem He 
was never profus^ in acknowledgments to Flamsteed, who supphedso many 
of his astronomical data, or to Iluyghens or to Leibnitz with whom he corre- 
sponded In contradistincuon to this hberality, Hooke had a forgivable if 
childish anxiety to wear the laurels of priority, and was one of the last 
scientific authors to use the time-honoured device of securmg it by pre- 
liminary atmounccmeni as an anagram He gave the law of the sprmg as the 
anagram caiinossstUw two years before he disclosed the solution ut tensio 
stc vts m a pubUshed description of the experimental evidence for the law 

1 ranslated into the vernacular it means that the puUing power of a stretched 
spnng IS proportional to the displacement, a rule equally true for small dis- 
placements whether it is apphed to elongation or lateral bendmg It^s easy to 
remember the rule when >ou know what it means, because the uniform 
graduation of a spring balance scale is an everyday iJIpstrauon of its truth 
1 bus a weight of d lb stretches a spnng 1 J mches if a weight of 2 Ib stretches 
it I mcj from its *‘na{ural” length, when no weight is attached to it The 
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Stretch is therefore 0 5 inches per pound weight hanging from the spring, and 
the pound marks on the scale would be 0 5 mches apart 
At first sight we might therefore draw the conclusion that the mass bears 
a constant rauo to the stretch This is not necessarily true The pulling power 
of the sprmg is what prevents a weight at rest from falhng The string is 
stretched till the upward pull of the sprmg exactly balances the downward 
pull of the weight If its mass is w, this pull is mgy and we already know 
ihat g is not exactly the same m all parts of the world Provided the 
spring IS not stretched too far, the ratio {m — x) of mass (/w) to distance 



hiti 1S6A — A SEVLNrtENTH-CtNTURV BALANCE SPKING (BY PERMISSION OF PROF 

Wolf) 

stretched (x) is fixed at any one place It is not fixed for all places What we 
should expect to find, and what we do find, is that the ratio mg -- x is 
fixed, 1 e 

mg = kx 


The pracucal importance of this may be illustrated by the behaviour of a 
sprmg balance \Mth a scale recordmg 2 lb per mch, at a place where g — 32 
feet per second per second The extension (x) is iV foot for a mass of 2 lb , i e 

2 X 32 = ife - 12 

^ = 768 (poundals per foot) 

If we took the same sprmg and the same weights to the top of a high 
mountam where acceleration under gravity is somewhat less, let us say 
31 feet per second per second, the extension would be less for each 
weight and the scale readmgs would not agree with^the previous estimate. 
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The spring tension sufficient to balance a 2 lb weight would then be 2 x 31 
— G2 poundals, and since mg = kxy 

X = 62 - 768 (feet) 

= 0 96875 inch 

When we weigh with ordinary scales^ we compare a body of unknown mass 
with a standard at the same place under the same pull of gravity This is not 

"F = upward pidl of spring ( pouudals) 



I-iG 18 b — T esting Hooke’s Law for a Piece of Elastic 
Up to 50 per cent extension an ordinary piece of rubber tubing gives a good result 
1 he graph extension (x) plotted against the tension (,F) is a straight line ot which the 
slope IS ki in this case 40 — , or 06 poundals per foot 

true of a spring balance A 2 -lb weight which produced an extension of 
1 inch at the bottom of the mountaia would produce an extension of 0 96875 
(= 31 — 32) inch at the top If the scale were marked at the ‘bottom, 
a standard 2-lb weight would register l\llb at the top So a spring 
balance hke a pendulum clock is only rehable at the< place where it was 
made, and the two devices provide mdependent methods for finding how g 
vanes in different places ^ 
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In certain circumstances, as we all know, a sprmg balance can be made 
to behave like a pendulum, as when a sudden ;erk makes the load bob up 
and down The fact that it does this illustrates m a new way the fruitfulness 
of measuring force by the acceleration imparted to a mass If a mass of m 
hangs at rest on a spring (Fig 187) stretched downward through a distance x 
beyond its natural length, Hooke’s law tells us that its downward pull (mg) 
is balanced by the upward tension of the spring kx If it is pulled through a 
further distance y and held, so that the total extension is now (x + 3 ^), the 
total force exerted by hand and weight must be balanced by an upward 



Fig 1S7 — Periodic Motion of a Weight at the End of a Spring 

The time graph is shown as it would be given by snaps at successive intervals of 
equivalent length The equation can be built up from the mechanical model of Figs 
Hi and 195, which show that it has the general form (in circular measure) 

yt ~ r sm (2vt — T) 

The constant r is the “a mplitud e” of the excursion, 1 e y, and the periodic time T 
is given m the text as 2-nV x g Hence the equation of the time trace is 

D =:ysm (V|-)* 

The miual extension y does not affect the period It only affects the excursion 

tension of k(x +y) When the hand is released, this upward pull is only 
offset by its own weight (mg =kx) pullmg it downwards The latter is not 
sufficient to neutralize it The difference between them is k(x + y) — kx 
= ky Hence there is still an upward tension numerically equal to ky^ and the 
load begms to move upwards with an acceleration — a The force reqmred to 
impart this acceleration to a mass m is — may smee the direction of motion 
(upwaid) is opposite to the direction (downward) along which y is measured 
Hence 

^ — ma = ky 

k 


m 


y 
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The acceleratjon is therefore lo fixed proportion to the displacement y from 
the resting position of the weight, and of opposite sign to this displacement 
In other words, the acceleration is always towards the resting position 
Hence (p 282) the motion is to and fro, and its period is 

277 V m — k 

Since k mg — x, this is the same as 

277 V X — g 

So, if as I n the previous example a 2-lh weight extended a spring through 
1 inch foot) at a place where g = 32, it would oscillate when jerked 
out of Its resting position with a period 277\/i^2 — *^2 = 0 32 second 
(approximately) 

A spring escapement of which the teeth engage a hanging weight would 
naturally have the same disadvantages as a pendulum, because the period of 
the oscillation depends on g The advantage of the spring is that it can be 
used to produce periodic motion without a weight hanging vertically For 
instance, the end of a spirally wound spring Uke Hooke’s hairspring of 
watches can be fixed to a flywheel, the inertia of which does not depend 
on gravity The law of Hooke applies with remarkable accuracy to small 
lateral as well as to lengthwise strains So this type of escapement provides 
an escape from the limitauons of the pendulum clock Hooke, like 
Huyghens, hoped to make a perfect marine clock He did not succeed 
because die expansion of metals (p 577) by changes m temperature was 
not suffiaendy understood at the time Navigation waited three-quarters 
of a century for what Newton called “a watch to keep time exaedy ” The 
social importance of the issue is shown by the Act of 1714, when the 
British Government offered a reward of £20,000 for any method to enable 
a ship to get its longitude with an error not exceeding 30 miles at the end of 
a voyagL to the West Indies Twenty years after the Board of Longitude was 
appointed to act as umpire, Newton’s words were still true “by reason of 
the Motion of a Ship, die Variation of Heat and Cold, Wet and Dry, and 
the Diflcrence of Gravity in different Latitudes, such a Watch hath not yet 
been made ” 

In 1730 a Yorkshire carpenter made a clock with a grid of brass and steel 
bars (see Chapter XI, p 570) to compensate tor variations in the tension of 
the balance springs at different temperatures Harrison’s first clock was 
tested in May of that year on a six weeks’ voyage to Lisbon and back, making 
the outward journey on the Centurton, later Anson’s flagship The official 
certificate reproduced by Commander Gould m a centenary article discloses 
that Harrison located the Lizard correedy when the official navigator, Roger 
Willes, believed that the ship had reached Start Point “one degree and 
twenty-six miles” east of it The invenuon was not offered for the prize 
With small subsidies from the Board of Longitude Harrison persevered for 
more than t\venty years His fourth model m a test voyage to Jamaica in 
17()1 led to an error of only one mile The error was under ten miles in a 
second voyage to Barbados three years later He was paid half the reward m 
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1765 and only received the other half after a long legal quibble settled by 
a private Act in HTS An exact duplicate of the fourth was made for the 
Admiralty at a cost of jC450, and used by Captain Cook A few years later 
Eamshaw, the m venter of the modem type, produced chronometers at less 
than a tenth of this price 

UNIVERSAL GRAVITATION 

Artillery warfare first began to present new problems for research in the 
age of the great navigations, when astronomy was still the queen of the 
sciences In one way or another merttay the fundamental pnnaple of range- 
finding, impressed itself on speculations about planetary motion before 
Galileo actually applied it to physical measurements If a pull is necessary 
to keep a stone revolvmg at the end of a cord in its circular path, and if a 
bullet keeps its own motion in a straight line when the marksman is ndmg, 
how does it happen that the planets move in closed orbits round the sun^ 
In an earlier age the question would have been meaningless In the generaaon 
of Gahleo there was a sp)ecial reason for asking it The manner’s compass 
was one of the new wonders of the age of the great navigauons Here for the 
first time was something which pulled without cords and pulleys Here for 
the first time was “action at a distance ” At the Court of Elizabeth the theory 
of the marmer’s compass had as much news value as the Peking Skull in 
post-war England The queen herself and her naval commanders gathered 
to watch experiments by Gilbert, the queen’s physician, who had likened 
the mfluence of the sun on the planets to the earth’s magnetism 
Kepler had endorsed the analogy before Galileo showed how to measure 
pullmg power by the motion it produces The law of circular motion, which 
seems to have been discovered independently by Hooke and Newton as well 
as by Huyghens who first pubhshed it, made it possible to bring these 
speculations to earth If a body moves with constant speed in a circle its 
acceleration along the radius is also constant and is equal to (27 t)V — T^ 
Kepler had shown that the ratio of the square of the time of revolution 
of a planet (or satellite) to the cube of the radius of its approximately arcular 
path IS the same for all planets (or for all satellites of the same planet), i e 

r» = KT* or ^ --- -- 
If we combmc both rules, 

(27r)2K 


That IS to say, the acceleration along the radius of a planet’s orbit is inversely 
proportional to the square of its distance from the sun round which it moves 
Although this conclusion occurred to several people at the same time, 
Newton was apparently the first to test it He argued that if the same pulhng 
power draws a stont to the centre of the earth and keeps contmually deflect- 
ing the moon from a straight path m its fnctionless motion through empty 
space, the acceleration of the stone ^nd the accelergtion of the m6on along 
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the line joining it to earth must be in an inverse ratio to the square of their 
distances from the earth’s centre So he calculated the vertical acceleration 
of a body at the earth’s surface from the moon’s motion on the assumpnon 
that the same pull acts on both 1 he mhon’s distance r from the earth is 60 
times the earth’s radius So the acceleration of a body towards the earth’s 

centre, if movmg round the earth in the moon’s course, should be ^ times 

the vertical acceleration of a body on the earth’s surface Since the latter is 
32 feet per second per second, it should require an acceleration of 32 — 60^ 
feet per second per second to keep the moon bent m a circular course A 
simple calculation is sufficient to show that this is correct The mean distance 
(r) of the moon from the earth is approximately 240,000 miles or (240,000 x 
5,280) feet The time (1") of a complete revolunon is approximately 27 J days 
or (27 J X 24 X 60 X 60) seconds Accordmg to the pnnaple of inertia, the 
acceleration required to keep the moon m its course is 


^2 ^ 


47r* X 240,000 X 6,280 
27 X 24* X 60* X 602 


= 32 — 60* (approximately) 


The result obtamed agrees with the assumptions that the rules which 
describe the regular motion of the clock wheels can also be used to calculate 
the motion of the heavenly bodies When Newton first thought of makmg 
this calculation at the age of 23, the estimated distance of the moon was 
not very accurate, and the value he obtained was only seven-eighths of what 
he expected Recognizing that reasoning by impeccable logic from self- 
evident principles is no substitute for solid fact m saence, he locked away 
his calculations for over ten years Meanwhile much discussion about the 
mcamng of Kepler’s laws had taken place among men of science Hooke 
had arrived at the same conclusion as Newton, but was unable to solve 
the mathematical difficulties which arise when the orbit is elbptical, and 
the acceleration directed to the focus A prize was offered for the solution of 
the problem by Sir Christopher Wren Under pressure of his friends, Newton 
repeated his calculations with a new and more accurate estimate of the 
moon’s distance based on the Cayenne expedition The result was now 
sausfactory So he was able to show that if the prmciple of mertia is true, 
a body can only move m an ellipse if the acceleration direaed to its focus 
IS mversely proportional to the square of the distance He also showed that 
a body which moves m an ellipse with an acceleration directed to the focus 
must describe equal areas m equal times 
Thus Kepler’s three laws, which contradict our first impressions of the 
way m which the celestial objects appear to move, were brought mto harmony 
with the experience of motion m everyday life As with Hipparchus, so with 
Newton, experience of nature demanded new rules of reasonmg To solve 
all the problems which arose, Newton was compelled to improvise a new 
mathematical techmque, the differential calculus Contemporary ideahst 
philosophers, notably Berkeley, poured the utmost contempt upon the new 
logical instrument Today stubborn fact has tnumphed over Berkeley’s logic 
The hostihty of the metaphysicians has been long forgotten by a world 
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which prefers the comforts of science to the consolations of philosophy, 
and the behef that the rules of theory are exempt from the test of practice 
has been transferred from real science to pohtical economy 

Up to this pomtj Newton’s contribution did little more than bring together 
the conclusions of his own contemporaries with more mathematical in- 
genuity than they had shown, and it is a falsification of history to look on 
Newton’s theory as the production of isolated genius His gemus worked on 
problems which were set by the social circumstances of his time In Galileo s 
treatment of the path of the caimon ball and m Huyghens’ treause on the 
clock the problem of motion m curved tracks had emerged from imperative 
social needs of the tune Agam and agam Newton’s speculations turn to one 
or the other In the elementary treatment of the mail bag given on p 2()5 
and the analogous problem of a cannon ball (Figs 171 and 172) fired in a 
horizontal direction, we assume that the height and range of projection are 
relauvely small We take the earth as approximately flat for our purpose 
and the acceleration of gravity as approximately constant, and directed 
towards the earth’s surface In an age of progress m artillery warfare it was 
natural to speculate further about what would happen if a projectile were 
fired at a great height with an enormous velocity We then have to reckon 
with a variable acceleration directed to the earth’s centre mstead of an 
approximately constant g directed to an approximately flat surface In the 
foUowmg passage Newton pictures the planets shot oflf from the sun at some 
time remotely past 

lhat by means of centripetal forces the planets may be retained m certain 
orbits we may easily understand, if we consider the motions of projectiles 
The greater the velocity by which it is projected the farther it goes before it 
falls to the earth We may thus suppose the velocity to be so mcreased that it 
>vould describe an arc of 1, 2, 5, 10, 100, 1,000 miles before it arrived at the 
earth, till at last exceeding the limits of the earth, it should pass quite by 
without touching it If we now imagme bodies to be projected in the 

directions of hues parallel to tlie horizon at greater heights those bodies, 
according to their different velocity and the different force of gravity m different 
heights, will describe arcs either concentric with the earth or variously eccentric 
and go on revolvmg through the heavens in those trajectories, just as the 
planets do m their orbs (see Fig 188) 

Newton’s special contribution was the next step He had satisfied himself 
that the earth’s attraction on bodies at its surface extends as far away as the 
moon What was the nature of this pull which Kepler had likened to the 
action of a magnet^ The sun pulled on the planets which are smaller than it 
is, the earth pulled the moon which is smaller than itself, and the earth’s 
pull or terrestrial gravity is proportional to the mass on which it acts So 
the pullmg power of the sun on the planets might be connected with the 
fact that their masses are different If so, it seems that every piece of matter 
exerts oi^ every other piece of matter a pull directed to its centre and pro- 
portional to its mass The mutual attraction between any two pieces of matter 
of mass m and M separated by a distance r would therefore be proportional to 


wi X M — r* 
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Putting this m the form of an equation, in which G is a umversal constant 

_ _ Mm 


If this IS true, it is possible to calculate both the absolute mass of the earth 
itself, and the relative masses ot the earth and other heavenly bodies The 
first can be done in a variety of ways, one of which is shown diagrammatically 
in Fig 189 How to find the ratio of the mass of the earth to that of another 
heavenly body may be illustrated by comparmg its mass with that of the sun 
In Newton’s calculation of the falling stone and the moon, E is the earth’s 
mass and the force on umt mass of either is GE — 



iiG 188— Nlwion's Paiiable 01 Projectiles Fired with Increasingly High 
Velociiy from the Top of a Very High Peak 

Note — 9 he higher the uiiual velocit> (see Figs 171 and 172) the smaller the deflection 
towards the earth’s centre m a given distance traversed By mcreasmg the velocity 
of projccuon tlic motion therefore approaches a closed elliptical orbit, such as a rocket 
projected bejond the stratosphere would pursue in empty space Air resistance is 
ncglcaed 

Since F ~ ma, the acceleration of the stone at the earth’s surface, and 
the earthward accelerauon, of the moon, are in the ratio and the 

earth’s mass cancels out The problem is different when we compare the size 
of the earth’s orbit about the sun with the size of the moon’s orbit about 
the earth We then have two different masses S, the sun’s pulhng on the 
eartli at a distance R, and E, the earth’s pulhng on the moon’s M at a 
distance r The attraction of the earth to the sim is 

G SE - R2 

1 he attraction of the moon to the earth is 


G.EM-r2 
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So the rauo of the two attractions (earth to sun) (moon to earth) is 

S;--- MR2 

If A IS the accelerauon of the earth sunward along the radius of its orbit, 




ot 

U \d l\\il 


The principle of weighing the earth by the deflecuon of the plumb line towards the 
mountain is the same as that used m the direct determination of the mass of 
the earth by Cavendish and later workers who have used a sort of microscope 
ro measure the deflecuon of a suspended pellet Q towards a large mass 
Gravity acts towards tlie centre of a spherical mass If a pellet is deflected through 
a from the vertical when placed near a large mass, like a ton weight of lead, the ratio 
of the attracuve forces of the lead and the earth itself is tan a (see legend to Fig KH) 
Accordmg to Newton's hypothesis of universal gravitauon, the attractive power of a 
body is directly proporuonal to its mass and mversely proportional to the square of 
the distance between its centre of mass and the body attracted by it Hence if m is 
the mass of a body whose centre is r feet from the pellet, and M is the mass of the 
earth whose radius is R, 


Suppose in such an experiment (crudely diagrammauzed m this figure) 
u = 0 0000UU45” (1 c tan a ^ 8 x 10”*^) when m ~ I ton and r =- 1 yard or 
miles 

8 y 10- . == 1 X (4,a00)^ _ 4,OQO» X 1,760^ 

M X (1 - 1,700)" M 

16 X 176" X 10» 

^ ° 8 x 

== 6 5 X 10"" tons approximately 


the forcS pulling the earth to the sun is E A And if Y is the time of a complete 
revolution of the earth round the sun. 
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GSE 477* 

R2 -E y2 


R 


‘ s 


477* 

GY* 


R3 


Similarly if L is the time of a complete revolution of the moon round the 
earth 


E = 


477 * 

GL* 




Hence the ratio of the sun’s mass to the earth’s mass or 


S R*L* 
E ~ 


(93,000,000)* X (27J)a 
(240,000)* X (365)2 


= 340,000 (approximately) 


The best determinations give 333,434 The large mass of the sun, 
compared with that of any of the planets, is the reason for the fact 
that they all appear to describe orbits around the sun as focus How- 
ever, their orbits do not absolutely correspond to Kepler’s laws, because 
they exert attractions on one another The great tnumph of Newton’s theory 
of universal gravitation was the fact that such irregularities can be calculated, 
when the masses have been estimated m some such way as the example given 
illustrates Just as the planets exert mmor effects on the motion of their 
neighbours, the sun, which is too far from the moon to affect the more 
obvious characteristics of its motion, produces various irregulanties which 
had been quite unintelligible From the ratio of the mass of the moon and 
the sun, and their distances from the earth, Newton was able to account 
for the variaaons of the tides with the phases of the moon (Fig 190), for 
the mclmation of the moon’s orbit and the regression of its nodes 

It IS natural and proper for you to ask at this pomt whether Newton’s 
theory provides any guidance for social practice One, directly related to the 
focal problem of technology in the social context of Newton’s tune, is the 
increase in the period of a pendulum or the apparent decrease of a mass 
weighed in a sprmg balance when we ascend a mountam If the law of inverse 
squares is right the value of the earth’s pulling power on umt mass (i e g) 
must increase as we get nearer the earth’s centre and decrease as we get 
farther away from it by a calculable amount Takmg the earth’s radius as 
4,000 miles at the surface, the rauo of g at the surface to g one mile above it 
at the top of the mountam should be (4001)* (4000)*, and if g were 32 at 
the bottom it would be 31 9S4 at the top Hence at the bottom the period of 
a pendulum would be 27rV^L — 32 and at the top 277 VL — 31 984, and 
the periods at the bottom and top would be m the rauo V31 984 — 

The clock would lose time m this rauo per second * 

* Huyghens rightly assumed that differences of sea-level measurements of ^ m 
different latitudes axe not due to irregularities of this kmd The perfect sphenaty of 
the earth was an accepted dogma, suffiaently justified by later measurements m low 
latitudes 
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The application of Newton’s theory was first made by Bouguer in one of 
the great sciennfic explorations of the eighteenth century Bouguer com- 
pared the lengths of the seconds pendulum at sea-level and at the top of 
Pmchmcha, a high mountam above Quito m Ecuador The necessary 
reduction for the ascent calculated by the inverse square law was , and 
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Fig 190 — The Tides 


this proved to be larger than the observed value , What seemed to be a 
disappomtmg result led to ^ new vmdication of the Newtoman theory 
Bouguer argued tljat a large mass such as a mountam must exert an appre- 
ciable sideways attraction. This was triumphantly confirmed by a simple 
device He selected two stations on the same paral^l of latitude, one close to 
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Chimborazo, a mountain 20,000 feet high, and one some distance due west- 
ward, away from the influence The inclmation of a telescope to the plumbhne, 

1 e the zenith distance, should have been the same at mendian transit since the 
latitudes were identical, Owmg to the attraction exerted by the mountain on 
the weight of the plumbhne the zemth distance of the star at the near station 
was greater than it should have been From this observauon Bouguer calculated 
the density of the earth, and figures obtamed m this way agree fairly well with 
results obtained by the direct method of Fig 189 

In the next chapter we shall see how the mvention of an mstniment 
which could measure time m very short mtervals had more far-reaching 
results than any which we have discussed so far One result of this was 
unexpected confirmation for the belief m the earth’s orbital mouon about 
the sun Before leaving the story of clock-makmg we shall now summarize 
some terrestrial experiences which lead us to believe that the apparent daily 
mouon of the celestial sphere results from the earth’s axial rotation Two 
have been mentioned, namely (a) that pendulum clocks lose time as we 
travel from the poles to the equator, while sprmg clocks do not do so, (p) that 
the earth and other heavenly bodies are flattened shghtly at the poles like a 
ball of soft clay on the potter’s wheel Three others will now be mentioned 

fcARlH’S DIURNAI ROTATION 

If a projectile is shot in any direction from the North Pole, it contmues 
with uniform horizontal velocity while the object at which it was aimed is 
being carried round leftwards, owmg to the counter-clockwise motion of the 
earth as seen from the standpoint of a polar observer Hence the bullet will 
fall right of its mark Conversely a projectile fired from the South Pole 
would fall left of its mark If the projectile were fired at an objea south of 
the equator from a situation at the same distance from the equator north of 
It, there would be no such displacement In any other situation a bullet fired 
north or south would deviate shghtly from its mark because the east- west 
velocity of the object and projectile would be different The effect would be 
neghgible if the distance between them were small With long-range modern 
projectiles the distance is sufficiently large to make appreaable errors m 
marksmanship if it is neglected In actual pracuce, the error is avoided by 
makmg an easily calculable allowance for the earth’s axial motion If rocket 
transmission, which is already used for postal services m a few remote places, 
became general, the rcahty of the earth’s axial motion would become an 
ever-present feature of social communications In his fasematmg book, 
Rockets Through Space, Qeator tells us 

After conducting a scries of prelimmary experiments, Schmiedl succeeded 
in establishing, in 1931, an officially recognized rocket postal service He 
operated his service between the small towns of Schockel and Radegund, near 
Graz, Austria Altliough the distance covered was only about two miles, the 
mountainous nature of the district enabled him to transmit letters from one 
town to the otlicr in as many minutes as the ordinary postman required hours 
The success of the Schmiedl service inspired Gerhard Zucker to perform a 
like expenneot m Germany And m 1933 be successfully transported letters 
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by rocket over the Harz mountains A year later, as is well known, he brought 
one of his rockets to England — where his experiments were a fiasco 
Experimenters visualize the time when mail rockets will carry their cargo 
between London and New York, a distance which even the liquid fuels of 
today will enable the vessel to cover in less than an hour 


Another consideration is not so obvious If a pendulum bob is suspended 
from a very long cord (e g 100 feet), free to rotate m any direction and set in 
motion. It should continue to swmg in the same direction If the direction of 



Fig 191 — Will Theories of Gravitation Become Necessary for Travel? 

The hgure shows Dr Walter Hohmann’s project for a space trip by rocket transmission 
out ot the first 60 miles of the earth’s atmosphere Beyond this distance air resistance 
becomes negligible and the space slup behaves like a planet movmg m a curved path 
The trip would take 762 days, including a stay on Venus of 470 days, or more than 
two Venus (226-day) years 1 he present cost would be about £20,000,000 Considcrmg 
that we have not yet liquidated the soaal mconvemences resulung from the African 
slave trade which followed the discovery of America, this is not necessarily a dis- 
couragmg fact 

the swmg is marked by a Ime on the ground, the pendulum swmg will appear 
to twist slowly around it m a clockwise direction (m the northern hemisphere) 
No force has been apphed to the pendulum to change its direction, and we 
ought therefore to say that the Ime has twisted m an anti-clockwise direcuon 
beneath the pendulum You will have no difficulty in seemg that this is a 
necessary consequonce of the earth’s axial rotation if you suppose the pen- 
dulum to be suspended at the North Pole, m which case the hne will perform 
a complete anti-clockwise rotation ip 24 hours At#thc equator tlfe line will 
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tiG 102 — Why the Plane of the Pendulum Swing Rotates 

Suppose that the pendulum is started swinging in the meridian at a, i e along the tangent 
ac, which meets the axis OP produced at c A short time later the earth has rotated 
through a small angle aoh, carrymg the pendulum to the pomt h on the same parallel 
of latitude 1 he tangent be meets OP m the same point c The pendulum is, however, 
still swinging in the direction ac, i e along bd, so that relative to the meridian it will 
apparently have changed its direction clockwise through the angle cbd = bca Mean- 
while the earth has rotated tlirough the angle boa The rates of rotation are proportional 
to the angles turned tlirough in the same time Hence 

rate of rotauon of pendulum _ A^bca arc ab _ arc ab 
rate ot rotation of earth ^ l^boa ac ao 

= — = sm aco ^ sm tiOA = sm Lat 
ac 

So the time of rotation of pendulum = — ~ — days 

sin Lat 

Thus m Foucault’s experiment the pendulum swmg rotated through 360"* m 32 hours 

or U days Since the latitude of Pans is 48° 60’, „ -g v ; = H 

^ ^ ’ sm Lat 0 76 (approx ) * 

not rotate At the South Pole the line will rotate completely m a clockwise 
direction in 24 hours At mtermediate latitudes, the time of rotation of the hne 

IS — ^ — days, as shown m Fig 192 A large pendulum suspended hx>m a 
sin Lat 

high roof above a dial was exhibited at the Pans Exhibition by Foucault to 
show this phenomenon to the public Foucault’s pendulum is now shown 
ID one of the great museums of the USSR 
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Fig 193 — The Gyrocompass 

The framework of a gyrostat turns freely at A, and round the axes BC and DE, so that 
the axle FG can point in any direcuon m space If no force is apphed to the frame- 
work, the axle FG will conimue to pomt m the direcuon m which it was set when the 
flywheel was started If, however, a turning force is apphed to the framework, the axle 
turns, not m the plane of the force, but m a plane at right angles to it and continues to do 
so, until tfhe plane of rotauon comcides with the plane of the turning force This is why 
the gyrocompass turns to the north If, for example, the axle FG is at first pointing 
eastwards, it will tip upwards as the earth rotates If the framework is provided with 
some kmd of ballast (l^ke the mercury tube m the figure) this will now exert a turmng 
force on the framework The axle will therefore turn at nght angles to the plane of the 
force, until it pomts to the north The axle will then return to the horizontal, and 
the turmng force will cease to act , • * 












Wheels Weight, and Watchspring 307 


Kephr (1009 ’^9) 


UmVE^Al (GRAVITATION 







3 o 8 Science for the Citizen 

Perhaps the most strikmg phenomenon which illustrates the earth’s axial 
motion IS the modem gyrocompass now used as a substitute for the magnetic 
compass, which is no longer suitable because modern ships are made of iron 
and carry electrical machinery It is essentially hke the famihar gyrostatic 
top which consists of a heavy metal wheel mounted on two concentric rings 
with their axes at right angles (Fig 193), so tiiat it can rotate m any plane 
Anyone who has played with a gyroscopic top will have found that it resists 
attempts to change the direcuon of the axis of rotation, and turns mstead 
in a plane at right angles to the plane of the apphed tummg force If therefore 
the axis of rotation of a simple gyrostat is set towards any star it contmues to 
stay so, while its orientation to the earth’s surface changes m accordance with 
the earth’s posiuon relative to the star, i e as if the stars were fixed relauve 
to the earth’s axial motion The gyrocompass (Fig 193) is an electrically 
driven gyrostat, provided with some form of ballast, so that a turning force 
comes into play when the axle tips owmg to the earth’s rotation The axle 
therefore turns until it points in a direction at nght angles to the plane of 
the turning force provided by the ballast, i e horizontal and to the true north 
The gyrocompass has thus the double advantage that it points to the true 
north m contradistmction to the variable magnetic pole, and is not affected 
by the magnetism of the steel platmg used m the construcuon of a modem 
ship 


THINGS TO MEMORIZE 


1 1 he Lever Where D and d are distances from the fulcrum, and H and h 
arc heights through wluch weights W and w are moved, WD = wd and 
WIl - zuh 


^ ^ , Weight hangmg verucally 

2 Inclined plane ^ ^ 

Balanced weight on slope 


sm (angle of slope) 


T Motion with constant acceleration If tlie imual velocity is u, d = ur -f iar* 
or, where motion is from rest, d ^ iat- If the body roils down a slope, 
a - g sin by where b is angle of slope If it falls vertically, sm b = I, so 
a ^ ^ -,12 ft per sec and d -■= Hir® ft See also the four rules on p 258 

4 Force = mass x acceleration 

1 poundal — force required to impart accel of 1 ft per sec * to mass of 1 lb 
1 dyne = force required to impart accel of 1 cm per sec * to mass of 1 gm 

5 Mouon in a circle Accel towards centre = (27r«)*r 

b Mouon IS periodic when Accel == — kxj where x is displacement along 
a fi\ed line from a nuddJe posiuon Both measured to the right 


The period, T = 


Smiplc pendulum 


T^2nJ- 


8 Kepler’s Laws I Every planet moves m an elhpse, with the sun m one 
of the foci 


II The straight line drawn from the centre of the sun to the centre of the 
planet sweeps out equal areas m equal times 
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III The squares of the periodic times of the several planets are proportional 
to the cubes of theu: mean distances from the sun, 1 e = KT* Hence accel 

along the radius of the orbit = 

9 Law of gravitation F = G where G is a universal constant 


EXAMPLES ON CHAPTER V 
Take g as 32 ft per sec ^ unless another value ts given 

1 Fmd the velocity at which a man must swim across a river 140 yards 
wide, if the current velocity is 2 miles an hour, and if he does not wish to 
be earned farther down the river than 40 yards 

2 A marksman m an express tram movmg at 60 miles an hour sees a 
stationary object 100 yards away on a hne at right angles to his line of motion 
How far to one side of the object must he aim if he wants to hit it, the bullet 
movmg with a velocity of 440 ft per sec ? 

3 What is the resultant velocity of a ship heading in a northerly direction 
at 6 miles per hour, but dnftmg westward with the tide at 3 miles per hour? 

4 A trawler is steammg due north with a velocity of 15 nules an hour 
and a north-east wmd is blowmg with a velocity of 10 miles an hour Show 
by a diagram the direction of the smoke track 

5 At a certam time one ship is 10 miles west of another If the first sails 
north-east at 20 miles an hour, and the second north-west at 16 miles an hour, 
how near do they approach? 

6 A stick 100 cm long weighs ^2 gm , and balances on a knife-edge at 
50 2 cm along it Where will the stick balance if a 50 gm weight is slung on 
It by a piece of thread at the 10 cm mark? 

7 At what distances from the fulcrum can weights of 20, 40, 80, and 150 lb 
balance a 60-lb weight attached 1 foot 8 mches from it on the opposite side? 

8 What IS the force exerted by a sprmg balance attached by a piece of 
thread to a metre stick, weighmg 92 gm , at 90 cm , when the stick is restmg on 
a wedge at 10 cm and carries a 50 gm weight at 60 cm ^ 

9 Makmg no allowance for the weight of a 4-ft crowbar, what force 
(poundals) must the arm apply to one end of it to lift a weight of 1 cwt (112 lb ) 
when a stone is placed under the crowbar 6 mches away from the end on which 
the load rests ^ If the load is 100 kilos give the force m dynes 

10 A pole of 5 yards and of negligible weight has weights of 7, 5, 3 and 1 cwt , 
at 1, 2, 3 and 4 yards respectively from the end where it is hmged What pullmg 
power m hundredweights must be exerted upwards at the free end to sustain 
the weights? What is the upward pull exerted by the hmge^ 

11 If a 4-ft crowbar weighmg 20 lb is suspended by a cord 2J feet from 
one end, find what weight placed 1 foot from one end will balance a 5-lb 
weight at 9 mches from the other, takmg mto consideration the weight of the 
crowbar itself 

12 A pole, whose weight can be neglected, rests on the shoulders of two 
men If the maximum weight one man can carry is 1 20 lb and the maximum 
weight the other man can carry is 90 lb , how heavy a man can they carry 
between them, and where must he balance on the pole from the stronger man? 

13 A weight of BO lb rests on a smooth surface What weight suspended 
vertically will balance it, if the surface is tilted through 10°, 30°, 46°, 60°, 
and 90°? 
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14. The ends of a cord are stretched over two pulleys with weights of 3 and 
4 lb. respectively If a weight of 5 Ib is attached to the cord between tjle 
pulleys what will be the angle at the point of suspension? 

15 Malang no allowance for friction, tabulate the acceleration of a biiiiard 
ball down a smooth slope tilted successively from 0° to 90° in intervals of 10° 

16 What are the distances traversed in 1 second, and the velocities acquired 
in that time, by smooth balls rolling down smooth slopes of inclinations 30°^ 
45°, 00° ? 

17 Making no allowance for friction, find (with scale diagram or tables of 
sines) 

(a) How long It will take a bilhard ball to traverse 1 yard along a slippery 

slope at 00° to the ground 

(h) How far the ball will move along a slope tilted at 15° m 5 seconds 

(c) The speed of a ball which has traversed 2 feet on a slope tilted at 10° 

upwards 

(d) The speed of a ball after moving for 3 seconds on an inclined surface 

at 6° to the ground 

In each case the ball starts from rest 

18 A billiard ball starting from rest on an mclmed glass surface describes 
40 feet in the third second What is the mclmation of the plane? 

19 If ^ IS 32 ft per sec per sec at a certain place, what is the value 
of g in cm per sec per sec ? If the metrical unit of force called the dyne is 
exerted on 1 gram to produce an acceleration of 1 cm per sec per sec , how 
many dynes correspond to {a) one poundal^ (h) one pound weight suspended 
vertically? (1 kilogram — 2 2 lb ) 

20 What is the mass in pounds of a body, if an 8-lb weight, hanging ver- 
tically from a pulley, acts on it for 3 seconds, raising it with a final velocity of 
6 ft per sec ? 

2 1 What force in tons weight draggmg horizontally from a tram of 200 tons 
mass going at 30 miles per hour will stop it (n) in one mmute, (5) at a distance 
of 400 yards? 

22 What IS the stretchmg force m the cable if a lift weighmg one ton 
descends with an acceleration of 16 ft per sec *? With what force does a mass 
of 8 lb , lying on the bottom of the lift, press on the latter? 

23 Draw the speed time diagram of the motion of a tram startmg from 
rest, havmg uruform acceleration for the first 15 seconds of its run, running 
\ mmute at a constant speed, and then commg to rest m 7i seconds with 
uniform retardation What 1 $ its maximum speed if the distance traversed is 
2,420 feet? 

24 If a tram is brought to rest m H mmutes, with uniform retardation, 
when it IS moving at J mile per mmute, how far has it travelled m this tune and 
what IS the retardation m feet per sec per sec ^ 

25 If the initial velocity of a body movmg m a straight Ime is Vf^ and its 
velocity after moving d feet m t seconds with a constant acceleration a is 
show that the distance moved can be determmed from the formulae 

( 1 ) d = + icu* 

( 11 ) d = {vf - vp - 2a 

(lu) and when the initial velocity is zero ^ V2ad 

26 How high will a ball rise, and how long will it take to reach the highest 
pomt, if It is thrown vertically upwards with a velocity of 2,760 yards per 
minute? 
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27 A bullet moving m a straight line has a velocity of 5 yards per second, 
and an acceleration of 10 feet per second per second How long will it be before 
the velocity is tripled and how far will the bullet travel in this time> 

28 A b^l IS thrown vertically upwards and rises to a height of 10 yards 
Find the velocity the ball must have been given and the ume it takes to reach 
this height 

29 How far must a ball fall from rest to gam a velocity of 20 feet per second? 
How much farther must it fall so that the velocity is mcreased to 30 feet per 
second? 

30 At what speed does a tram movmg with umform acceleration run at the 
end of 4 minutes from startmg up, if it traverses exactly one mile m the interval > 
Find also its acceleration m feet per sec per sec 

31 A cannon ball is fired horizontally from a 49-foot tower, with a muzzle 
velocity of 2,000 feet per second Neglecting friction, calculate the distance 
from the tower at which the cannon ball will hit the ground 

32 A bomb is dropped on a gasometer by an aeroplane flying horizontally 
1,000 feet above it If the aeroplane is travelling at 60 miles per hour, what is 
the angle between the vertical and the line }oimng the bomb and gasometer 
when the bomb is released? 

33 If the muzzle velocity of a cannon ball is 420 feet per second and the 
range is 1,800 yards, find the angle at which the cannon is tilted 

34 A cannon ball is projected at an angle of 30'’, with a velocity of 192 feet 
per second When will it reach a height of 80 feet above the ground, and how 
far from the cannon will it be at that mstant? 

35 {a) If a cyclist takes a corner at 10 miles per hour m a curve of 5 yards 
radius, what is his accclerauon towards the centre of curvature? (6) Fmd the 
central acceleration of a point on the equator m feet per sec per sec Take 
the earth’s equatorial radius as 3,962 miles and the sidereal day as 23 hours 
56 mmutes 4 seconds 

36 A motor cychst goes round a circular racecourse at 120 miles per hour 
Find how far from the vertical he must lean mwards to keep his balance (a) if 
tlie track is 1 mile long, (b) if it is 880 yards long (see Fig 180) 

37 A locomotive goes round a curve, whose radius of curvature is 5 of a 
mile, at 30 miles per hour If the rails are 4 feet apart horizontally, how much 
higher must the outer rail be, so that the engine wheels exert no pressure 
outwards on it? 

38 By counting the beats over two minutes, test the formula for the period 
(p 287) of a pendulum by attachmg a button to a piece of cotton 1 foot, 2 feet, 
3 feet, 4 feet long, suspended by a loop from a drawmg pm 

39 What are the lengths of simple pendulums which make complete beats 
(forwards and backwards) m (a) H seconds and (Jb) in 2i seconds? (Take g as 
32 feet per sec per sec ) 

40 What is the acceleration due to gravity at a place where a simple 
pendulum, of length 37 8 mches, makes 183 beats (half periods) in 
3 mmutes? 

41 Show that a pendulum, 450 feet long, makes a complete beat m about 
23^ seconds 

42 What IS the length of a simple pendulum, if on shortenmg it by 1 mch 
the pAriod is diminished by ^ of its value? 

43 A seconds pendulum at a place where ^ is 081 4 cm per sec ^ is taken 
to a place where ^^is 981 0 cm per sec * Fmd how much it gams or loses m 
a day 
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44 A simple pendulum, which should beat seconds (i e one whose half 
period IS one second) loses 20 mmutes m a week How much per cent must its 
length be shortened to make it keep time? 

46 A pound weight is attached to the end of a piece of strmg 1 yard long 
What stretchmg force would be registered by a spring balance, when the 
weight IS swung m a horizontal circle so that it takes | second to make one 
complete circle? 

46 A wire of 497 cm is stretched 0 35 cm by a weight of 6J kg How much 
would it be stretched by \ cwt and by 1 lb if Hooke's law applies over the 
whole range? (1 kg =2 2 lb ) 

47 If a weight of 1 lb oscillatmg at the end of a sprmg executes a complete 
movement up and down m half a second, find the extension per lb 

48 If a weight of 250 grams executes a periodic mouon with a complete 
period of 1 J seconds at the end of a metal spring, what would be the period of 
oscillation of a 160-gram weight attached to the same sprmg? 

49 If F/, IS the sea-level centrifugal accelerauon at latitude L due to the 
earth’s motion and is the acceleration of a body under gravity at the pole, 
show that the corresponding accelerauon under gravity at latitude L on a 
spherical earth is 

^90 cos L 

With a similar figure show that if R is the radius of the equator plane, the 
radius of the latitude circle L is R cos L Hence, takmg R = 4,000 miles, 
calculate the values of g at latitudes 50^, 45°, and 30° in ft per sec per sec and 
cm per sec per sec 

60 At one place A the value of g is 983 0 cm per sec per sec At a second 
place B It IS 981 0 cm per sec per sec One sprmg balance is calibrated at A 
and another at B What will be the weight of a standard 10 lb mass mdicated 
on the scale of each balance at each place? (g at London =981 17) 

51 If the force of terrestrial gravity varies inversely as the square of the 
distance from the earth’s centre, what would be the difference between the 
value of g at sea-level and at the top of a peak 5 miles high? How would a sprmg 
clock and a pendulum clock which synchronize at sea-level behave in the two 
situations ? 

52 A pendulum clock with a seconds pendulum* is carried m a balloon, 
which is ascendmg with a constant acceleration, to a height of 900 feet m 
1 mmute Show that the clock gams at the rate of roughly 28 seconds m an 
hour 

53 A seconds pendulum beats bOJ times m 1 minute m a tram, which is 
movmg umformly round a curve at 00 nules per hour Show that the radius of 
the circular curve must be roughly 1,317 feet 

54 At the top of a moon tarn a seconds pendulum loses 10 seconds m a day 
How high IS tlie mountain, and how many seconds would the pendulum lose 
when only halfway up the mountam? 

55 How high IS a mountam if a clock, which gams 10 seconds a day, is taken 
up It and is found to lose 10 seconds a day? What is the difference m the 
accelerations due to gravity at the top and bottom of the mountam? 

56 With the aid of Fig ISo, tabulate the radius of the latitude circle and 
the speed of rotation m nules per hour at Aberdeen 57° N , Edmburgh 56° N , 
London 5 1 J° N , Falmouth 50° N , Paris 49° N , Philadelphia 40° N , New 
Orleans 30° N , and Cayenne 5° N , takmg the equator radius as 4,000 miles 

* A seconds pendulum has a half period of one second 
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57 Taking the value of g as 32 26 (ft /sec at the North Pole, use these 
measurements to calculate for each place at sea-level 

(a) the value of 

(b) the length of the seconds pendulum m inches 

5^ Use the same data to calculate the daily retardation of a pendulum clock 

(a) set at Aberdeen and sent to Falmouth, 

(5) set at Pans and sent to Cayenne, 

(c) set at Philadelphia and sent to New Orleans, 

(d) set at Edmburgh and sent to London 

59 Using the same data calculate how slow or fast a London pendulum 
clock would be if taken to the top of Mt Everest (6J miles high, Lat 28° N ) 

60 If a man standmg at the North Pole fired a bullet with a range of 3 miles 
and a mean horizontal speed of 400 feet per second at an object 3 miles away, 
how far wide of the mark would it fall and on which side? 

61 If a cyclist is ridmg at 14 miles an hour with a wind blowmg at right 
angles to his path with a velocity of 10 miles an hour, show by a diagram or 
otherwise the direction of the wind relative to the cyclist 

62 A man is walkmg due west with a velocity of 5 miles an hour If another 
man rides m a direction 30° west of north, what is his velocity if he always 
keeps due north of the first man^ 

63 A north wmd is blowmg at 10 miles an hour It to a cyclist it appears to 
be an east wmd of 10 miles an hour, find the direction and the rate at which he 
is riding? 



CHAPTER VI 


THE SAILOR’S WORLD VIEW 
The Wave Metaphor oj Modem Science 

Wf can only find our \vay about m space when we have learned to find our 
way about in time, and the accuracy with which we can ascertain where we 
are depends on the accuracy with which we determine the time when we 
happen to be there Our own generation has witnessed a revolution which may 
prove to have more far-reaching results than the mvention of the clock A 
ship’s captam is no longer dependent on a chronometer set by Greenwich 
time at the beginning of a voyage Standard time is transmitted from ocean 
to ocean by wireless signals, and the very word wave has come to have a new 
meaning m the everyday hfc ot mankind Today the complete narrative of 
man’s conquest of time and space would have to tell how it has become 
possible to put any single being m instantaneous commumcation with anyone 
else on the planet which we now inhabit At some future date it may even 
record how human beings learned to find their way across interplanetary 
space Wc must leave the way in winch man has estabhshed the means of 
world communication till wc come to the story of man’s conquest of power 

Before we do so, w'O shall have to come to grips with one of the most difficult 
concepts of contemporary science 1 he invention of wireless transmission 
was made pos'-iblc bv the theory of wave motion, which developed as a 
by-product of Newtonian science In man’s earliest attempts to find his 
bearings in time and space the nature of hght bad already forced itself on 
his attention The discovery of the telescope gave a new impetus to the 
study ot optical phenomena One result of this was Newton’s discovery 
that white light is complex Very soon after the mvention of the telescope a 
Damsh contemporary of Newton made the first telescopic maps of the moon’s 
mountams Romcr also took up the study of Jupiter’s satelhtes Having 
determined their period of revoluuon when Jupiter and the earth are on the 
same side of the sun, he calculated their posmon when Jupiter is on the side 
opposite to the earth An eclipse of one of Jupiter’s moons occurred later than 
he expected Being satisfied that this was not due to faulty mstruments he 
concluded that light does not travel instantaneously To put it less meta- 
phorically, w’e do not see an event when it happens A measurable mterval 
of time elapses between a flash of hght and the mstant when we see it This 
interval depends, like sending a message, on the distance between the sender 
and the receiver 

At first sight It seems a far cry from the moons of Jupiter to the everyday 
life of mankmd m seventeenth-century Europe In its own context Romer’s 
work was not so remote from practical apphcaaon as it would have been 
if It had been undertaken a century later, when dock tecknology had reached 
a higher level The detcrmmation of longitude still remained a thorny 
problem Judgmg from > the prize they offered (p 29 i), the method of lunar 
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distances which Newton advocated with appropriate corrections for parallax 
and atmospheric refraction required laborious calculations which did not 
commend themselves to the Admiralty Others among Newton’s con- 
temporanes proposed to discard astronomy and use a co-ordinate based on 
the dip of the magnetic needle (see Chapter XIII) Failing a reliable chrono- 
meter, which was not available ull 1 760, the astronomer could only retain 
his pnvileged position as doyen of nautical science by devtsmg a method 
as simple as the observations of eclipses or occultations The only serious 
objection to this method is that celestial signals known before Galileo’s 
observations on the moons of Jupiter did not occur very often The objection 
could be met if other more frequent signals could be added Whitaker^s 
Almanack shows that fifty-six appearances or disappearances of Jupiter’s 
satellites could be seen at Greenwich after dark m 193r> There were only 
two visible echpses and no planetary occultations in the same year 

Galileo himself seems (see p 134) to have realized the practical import- 
ance of the discovery which brought him into conflict with the Inquisition 
At the new Pans observatory where Romer worked with Picard, Richer, 
and others among the leading astronomers of the day, the Itahan Cassmi 
undertook the preparation of tables for calculatmg longitude by observations 
on the satellites of Jupiter, and his tables were used in the French Navy 
durmg the first half of the eighteenth century In his book Histoire de la 
Longitude de la Mer au XVIIIe slide en Prance^ Marguet tells us 

After 1690 the Connaissance des Temps gave the time of echpses of the first 
satellite, calculated accordmg to the tables of Cassim, and forty years later, 
from 1730 onwards, there were added to the ephemendes tliree other small 
moons of Jupiter known at this period 

The determination of longitude by eclipses of Jupiter’s satellites merely 
depends on the known fact that the same event (Fig 37) does not occur 
at the same solar time in two places on different meridians of longitude 
Romer’s observations showed that one event seen before a second event at 
one and the same place may really have happened later The full conse- 
quences of this startling conclusion which has since (p 330) been estab- 
lished by direct experimental proof in the laboratory is only beginnmg to 
be grasped When we look at the moon we are really seeing what it looked 
hke one and a half seconds before Some nebulae are so far away that if our 
telescopes could brmg them as near to us as the moon, we should only know 
what they looked like 140 million years ago One result of Romer’s discovery 
was to show how we can calculate the earth’s distance from the sun by 
observauons on the stars The calculauon based on the assumption that 
the earth moves round the sun hke the other planets, agrees with the distance 
calculated from the parallax of a planet, as explained on p 341, and thus 
estabhshed Spier’s doctrine more firmly than ever 

During the latter half of the seventeenth century the Pans Observatory 
undertook extensive enquiries to adapt and improve the telescope for astro- 
nomical observations In the latter half of the eighteenth century extensive 
improvements m the technology of glass renewed mterest m the study of 
Ught Some of the discoveries which resulted havc^ been dealt with in a 
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previous chekpter Others which we shall now examine mtroduce a new feature 
of progress in scientific knowledge 

So research into the nature of hght received a renewed impetus from the 
star lore of the two centuries which witnessed a hitherto unparalleled growth 
of mariume commumcauons and colomzauon The way in which enquiry 
progressed was also mfluenced by the growth of another branch of know- 
ledge Side by side with the study of hght, a different class of physical pheno- 
mena, m which some progress had been achieved m very remote times, 
began to arouse mterest The origins of music are buried m a very remote 
past. For some reason, doubtless inherent m the structure of our organs of 
hearmg, a certam sequence of sounds, the octave scale, came mto widespread 
use at a very early date Aside from Ptolemy’s experiments on refraction 
and the mechames of Archimedes, the construction of musical mstniments 
provides one of the rare illustrations of exact measurement apphed to terres- 
trial phenomena in classical antiquity Pythagoras (see p 77, Chapter II) is 
reputed to have discovered the relation between the length of a vibratmg 
stnng and the note emitted, when stretched at constant tension If the 
length of the vibratmg portion is halved the strmg gives out a note an octave 
higher If dimmished to two-thirds, it gives a note higher by an mterval which 
musicians call ^ fifth* If dimmished to three-quarters a note called a fourth 
higher, and so on 

The senes of numbers called harmomcal progressions m textbooks of 
algebra are a survival from the somewhat mystical significance which the 
Pythagorean brotherhoods attached to this early discovery m expenmental 
science Though there are few extant data concemmg the way m which the 
production of sound was smdied m ancient civilizations, there is no doubt 
that a keen mterest in the improvement of musical instruments had prompted 
a clear understandmg of the nature of the stimulus which excites our auditory 
organs Thus Aristotle, whose views on other departments of physical know- 
ledge are usually worthless, knew that sound is commumcated from the 
vibration of the strmg to our ears by movements of the mtervenmg air, and 
was also famdiar with the fact that a vibrauon occupies double the tirae when 
the length of a pipe is doubled From the everyday expenence of the mterval 
between hghtnmg and thunder-clap, or the mfluence of wmds and echoes 
in an age when people hved more m the open air and buildmgs were not 
designed for acoustical perfection, there was ample evidence for the fact 
that sounds are reflected from sohd surfaces, that they are transmitted through 
the motion of the atmosphere, and that they travel with a fimte speed 

It is not difficult to recognize how a variety of features m the everyday 
life of the middle ages conspired to revive mterest m sound In partiailar, 
three may be mentioned The first was a noteworthy improvement m musical 
instruments 1 he Alexandrian mechamcians Ctesibius and Hgro are known 
to have designed a hydrauhe organ A similar model has been recovered from 
Carthage dating about A D 200 The daily ritual of the ChnsUatf Church 
encouraged the use of instruments suitable for choral accompaniment From 
the church organ the device of the keyboard was extended to strmged mstru- 

* Thus in the scale of C (CDEFGABC), the interval CC, i e eight notes including 
both Cs, ^ an octave CG,is a fi/th, CF a fourth 
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ments in the fifteenth century Thenceforth the modem piano evolved from 
the clavichord, the virgmal, and the spmet Durmg the sixteenth century the 
manufacture of musical mstniments for secular use was developmg mto an 
important craft In this miheu Galileo devoted himself to experiments on 
the vibrations of strmgs The pubhcation (1636) of Harmotne Universelley 
a treatise on the mechamcal basis of pitch and timbre m stnnged mstru- 
ments, composed by his ecclesiastical disciple Mersenne, was the signal of 
renewed mterest in acoustical phenomena 
Two other innovations made a new instrument available for mvestigauon 
into the theoretical issues arising out of the technology of stnnged instru- 
ments Hitherto no attempts had been made to find the speed with which 



Fig 194 — Wave-Like Motion Traced by a Pendulum on a Revolving 
Lamp Black Surface 

Just as the horizontal or vertical trace of a circular motion is a periodic motion of 
the pendulum type, the trace of the pendulum motion represented as a graph of dis- 
placements and time mtervals is a simple wave-like motion such as can be propelled 
along a skippmg-rope The periodic time of the wave motion is the mterval between 
two crests or two troughs next to one another In this case it is 2, 1 e the pendulum 
IS a “seconds” pendulum (penod 2 seconds) 

a sound travels The mtroducnon of gunpowder mto warfare made the 
experience of lightmng and thunder claps more tangible By usmg the new 
seconds pendulum to time ±e lag between the flash and the explosion at a 
measured distance from a cannon, Mersenne and Gassendi found the speed of 
sound to be about 1,400 feet per second More accurate modem deterimna- 
tions give approximately 1,120 feet at 15° C Boyle, Flamsteed of the Green- 
wich Observatory, and Halley m England repeated the observauon^i of 
Mersenne and Gassendi, obtainmg results in closer agreement with the correct 
figure, as did also Cassmi, Huyghens, Picard, and Romer of the Pans Observa- 
tory Progress was made possible by the fact that the eighteenth century was 
eqmpped with what, the ancients lacked Musical technology could make use of 
a convement device for measurmg time m short mtervals 
Qosely connected with this was another circumstance. Bemg without the 
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means of measurmg short mtervals of time, mechamcs made little headway 
m antiquity The dynamical prmciples which developed m the design of 
the pendulum clock were specially concerned with periodic, that is to say 
wave-like, motions (Figs 104, 105) A new logical techmque drawn from 


< ‘5- 



hiG 196 — Connexion Between Rotary and Wave Motion 

We can find a formula for ihc wavc-hkc trace of the pendulum by a model The wheel 
rotates at fixed spttd At the start the radius of tlie wheel from which a weight is 
hung makes an angle 16° to the peg witli the horizontal and this angle decreases at the 
rate of -1 6° per second That is, the angular velocity of the wheel is — 46° or — it/ 4 
ridnns per second, if the positive direction of rotation is anticlockwise After a time t 
(measured in seconds) this radius thus makes an angle 46° (1 — r) with the horizontal 
and the weight is a height x, above its mean position (horizontal radius), where 

Xt — r sin 45"(1 — r) 

More generally, if the radius starts at an mitial angle a with angular velocity b, then 

jc = r sin (a T bt) 

a and b are constants which can be measured in degrees or radians We can make 
thmgs simpler it we use a stop-watch and start it at the moment the radius is horizontal, 
1 e measure t from the time when u =- 0 Then 

xt= r sin bt 

If the wheel revolves tlirough 1()0° m T secs , T is the periodic time (i c the time 
between two consecutive crests or two consecutive troughs) and 6, the angle through 
whieh tlic wheel revolves in one sceond, is .100°/ F, so 

Xi= r sm lG0°t/T 

or measured m radians, i?; to a revolution 

Xf = r sin 27 rr/T 

If tile wheel makes n rcvoiuUeins a second, T = \Jn and • 

X — r sin 277nt ^ 

contact with the mechanical amenities of everyday life supplied the guidance 
which unaided intellectual ingenuity had failed to devTse, and successful 
appheauon of the new mechamcs to the elastic vibrauon of strmgs furmshed 
the clue to new discoveries about the nature of light 




The Sailor*s World View 


319 


THE NATURE OF SOUND 

Nineteenth-century science inherited from the two preceding centuries a 
framework of metaphors drawn from a pre-existmg technology Navigation 
and water power have now ceased to play a promment part m the daily 
expenence of most of us For that reason the andogy of “wave” or “cTirrent” 
IS liable to mystify us unless we firmly grasp the significance they had for an 
earher generation of scientific workers To understand the wave theory of hght 
It IS first essential to understand how sounds are produced and communicated 
to our ears 

Sounds may be produced by the vibration of a strmg as with the violin 
and piano 5 by the vibration of a diaphragm, membrane, or metal plate, as 



Fig lab 

Simple apparatus for measurmg frequency of a tuning fork accurau.ly The tip of a 
pendulum with a complete period of one half second just dips into the mercury making 
contact m the signal circuit every half period when it reaches the vertical posiuon 

with the drum, the gramophone, the bell or the telephone, by the vibration 
of a column of air as m a tin whistle or organ, or by concussion between 
sohds or liquids as when an explosion or splash is heard Common to all these 
sources of sounds is the fact that air is set m motion to and fro If air is 
exhausted from a vessel m which an electric bell is suspended no sound is 
heard when the current is turned on 

That different qualit.es of sound are produced by different rates of vibration 
IS easily shown m vanous ways, of which the simplest is to fix a hair or thin 
pomter of tissue paper to one prong of a tunmg fork, and trace a wave-hke 
image ^f its movements, when struck, on the smoked surface of a revolvmg 
cylinder (Fig 196) If the speed of the cyhnder is constant, two tunmg forks 
which emit the same musical note will trace out the same number of crests on 
the same length of smoked surface, and tunmg forks which emit different 
musical notes will trace out different numbers The number of wave crests (or 
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troughs) traced out m a second is called the frequency of the tuning fork or the 
frequency corresponding to the note It can be conveniently determined if a 
signal of essentially the same construction as an electric bell, designed to tick 
out seconds, is made to write on the revolvmg surface below or above the trace 
of the vibrations which the tunmg fork executes What are called pure musical 
notes correspond to a fixed frequency of some vibratmg object hke the 
prongs of a tumng fork, the air column of an organ pipe, the string of a 
harp, or the diaphragm of a gramophone The frequency of middle C is 261 
vibrations per second ^ Few bodies when struck vibrate as a whole So most 
sounds arc combmations of notes of different frequency, harmomzmg or 
otherwise with our aesthetic preferences Hooke’s law of the sprmg shows 
how any body can be made to execute vibratory or periodic motion when 
stretched, and if you apply the argument on p 293, you will see that the 
frequency ot vibration of a strmg can be calculated from its length and mass, 
if Hooke’s clasuc constant k has been previously found Halvmg the length 
at fixed tension doubles the frequency and increases the pitch by the interval 
that we call an octave 

f.ach vibration of a source of sound sets up an alternating sequence of 
compression and rarefaction in the air immediately in contact, as illustrated 
in I ig 199 Whenever the air is compressed, the air m its immediate vicmity 
IS rarehed So a train of alternate regions of compression and rarefaction 
spread out in all dirccuons from the vibrating source, just as ripples spread 
out from the spot where a stone strikes the surface of the pond At any 
position in the wave tram the air is alternately compressed and rarefied 
with the same frequency as the vibrator which produces the sound Thus 
a pure musical note corresponds to a particular frequency of vibration m the 
air between the instrument and the ear 1 he proof of this lies in the pheno- 
menon of resonance, winch is die basis of all reproduction of sound by 
instruments hke the gramophone and telephone, or magnification of sounds 
by loud speakers If a tumng fork is made to vibrate near another of the 
same frequency die latter takes up the note and is itself audible, when held 
close to the ear "1 his only happens if both tuning forks have the same 
frequency The only way m which we can easily imagme how this could 
happen IS that the air vibrates m unison with the two forks 

A flat membrane or plate when struck emits a great variety of vibrations, 
and will consequently resonate to a great variety This fact underUes the 
construction ol the gramophone 1 he instrument used for making the record 
is essentially like the one used for playmg it A flat diaphragm transmits 
vibrations in unison with the frequency emitted by a ncighbourmg source of 
sound to the holder ot a hard steel needle, w'hich makes mmute indentations 
on the blank record When a needle similarly attached to a diaphragm moves 
over these minute notches, it forces the diaphragm to execute similar vibra- 
tions which communicate motion to the surroundmg air precisely similar 
to the air vibrations which were impressed on the blank record The drum 
of the human ear is a resonator of a similar type to the diaphragm of the 
gramophone It only responds to vibrations between a lower frequency of 
18 per second and an upper frequency m the neighbour^iood of 30,000 per 

* New Philharmomc pitch The old value 256 is used in our numerical illustrations 
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second The limits are not quite the same for all people Some individuals 
can hear the shnll squeak of a bat Others cannot hear notes of such high 
frequency The limits also vary very greatly m different species of animals. 
Some animals can guide their movements m the dark^ because their ears 
pick up vibrations which our own ears cannot detect 
The vibration of the air between one tumng fork and another vibrating 
m resonance with it nught be imagmed to happen m one of two ways First 
we might suppose a column of air surgmg to and fro like a piston rod fixed 
between the two prongs, or a column of water forced backwards and forwards 
through a tube. There are several reasons why this cannot be true, one 
bemg, that sounds do not travel instantaneously. The only alternative is that 
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Fig 197 —Simple Apparatus for Showing Interference of Sound 

the vibrations are transmitted through the air m the way described, just 
as ripples on a pond spread out from a region where a stone is thrown or a 
stick is surred m it This alternative is supported by two other phenomena 
connected with the production of sound One is interference The other is 
the “Doppler eflfect ” 

Generally speakmg, ±e effect of hearing two identical notes played 
together is an mcrease m the volume of sound Iq certam circumstances 
simultaneous notes of the same frequency from two different sources mter- 
fere That is to say, neither is heard One way m which the phenomenon 
can be demonstrated is to strike a tuning fork, hold it near the ear, and rotate 
It by the handle^ It will then be nouced that m certam positions, at the same 
distance from die ear, the sound is mtensified, and m other positions no 
sound is heard A better demonstration which shows the nature of the 
phenomenon is to blow a whisde m the end of a tube with two arms (Fig 197 ) 
leadmg to the ear if the length of one arm can be altered by a slidmg tube 
like that of the trombone, the sound of the whistle alternately mcreases to 
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a maximum and is silenced as the length of the adjustable tube is gradually 
diminished or made greater In this device there is only one vibrator So if 
the air surges to and tro as a smgle column m each of the two arms leadmg 
to the ear, altering the length of one of them would not prevent the air 
column in it from kecpmg in step with that m the other The alternative 
theory that sound travels m altematmg regions of compression and rare- 
faction makes it easy to understand what happens If the lengths of the two 
arms are not the same, a region of compression at the end of one arm may 
comcide with a region of rarefacuon at the end of the other, and vice versa 
alternately (tigs 199 and 200) 

1 o form a clearer picture of the nature of interference, it is necessary 
to recall that sound travels with a defimte speed m a given medium In air 
at 15° C this is about 1,120 feet per second The time which elapses 
between seemg the flash and hearing the noise of an explosion is directly 
proporuonal to the distance For practical purposes we assume that the 
transmission of hght from the source to the eye is mstantaneous, that 
IS to say, the mterval is negligible as compared with the time which elapses 
between the emission of the sound and the moment when we hear it To 
say that sound travels in air at about 1,100 feet per second, therefore, means 
that if we arc a mile away from a gun, approximately seconds will mter- 
vene between seeing the flash and hearmg the sound, or 9^ seconds if we are 
2 miles away With modern apparatus, the speed of sound m water (about 
4,700 ft per see ) can be found by connecung a microphone with an elearic 
signal recording on a revolvmg cylinder, while some dehcate time-signal, 
like a vibratuig tuning fork, gives a simultaneous time tracmg The micro- 
phone picks up an echo as well as the origmal detonation The wave trace 
of the time marker gives the mterval which elapses between the detonation 
and the echo 1 hus il the time marker is a tuning fork emittmg middle C, 
and U) wave crests mtervene between the two microphone signals, the m- 
terval is 10 — 250, or onc-sixteenth of a second In tins time (/) the sound 
has reached the sea floor and returned, traversing twice the depth (d) So 
il tlie depth IS known, tlie speed is easily calculated, bemg 2d — t 

Once this speed (s) is known the depth of any ocean can be found, by 
the same method, smcc d = ^st This is how “soundmgs” of ocean depths 
are made in modern oceanography Another appheauon of the speed of sound 
IS made in warfare to determme the position of a concealed field battery, at 
an unknown situation X Three microphones arc placed at measured dis- 
tances from one another, and the intervals between th^ time when the sound 
reaches the first and the time when it reaches the other two is recorded at 
headquarters with electric signals The reconstruction is shown m Fig 198 

The tact that sound travels with a defimte speed imphes that the path 
along which the disturbance set up by the vibrator proceeds must be divided 
up at any mstant in a regular way, as shown m Fig 199 The stnng of a 
violm or diaphragm of a telephone vibrates to and fro, like a piston, oressmg 
on the neighbouring lasers ot air and suckmg back Matter does not change 
Its state ot motion mstantaneously The force with which a stretched stnng 
or diaphragm presses or pulls on the air m contaa with it is measured by the 
acteltration it imparts This means that it takes time for a column of air to 
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move forward with the same speed as somethmg pressing on it or pulhng 
It So the string or diaphragm can only move by forcmg the air m front of 
It to occupy a smaller or larger space A vibrator such as the string of a violm 
when stretched towards the hearer compresses the layers of air immediately 
m front of it, and this region of high density moves forward with a speed S 
(Fig 199) If we call the tune of a complete vibration T, we may divide the 



Fig 198 — Sound Ranging in Artillery 

A, B, C are stauons with microphones at known distances apart The microphones 
record simultaneously with an electnc signal and timekeepers (on the same general 
prmciple suggested by tig 190) at Headquarters X is the hidden field battery The 
sound IS heard first at A At B it is heard t seconds, at C, T seconds after A If S is 
the speed of sound, it travels Sr feet durmg t and ST feet during T seconds Hence 

XB - XA = Sr 

XC - XA = ST • 

Describe circles about B and C of radu XB — XA and XC — XA respectively The 
locauon of X is now the trigonometrical problem of findmg the centre of a circle 
which just grazes the circumference of the first two circles and also passes through A 

penod between a forward swing (1) and the next forward swmg (5) mto three 
phases In (2) the strmg has swung back to its unstretched position, and is 
neither pressmg on the neighbourmg layers of air nor suckmg them back 
A quarter of a period later (m 3) it has swung backwards as far as it will go, 
suckmg on the neighbourmg layers of air, and creatmg a region of low density 
At the eod of the next quarter of a penod the strmg is agam unstretched 
and the surroimdmg air is at normal pressure At the end of another quarter 
penod It has swung forwards as far as it will go, creatmg a region of high 
pressure m the layers of air )u$t m front of it Durmg the complete penod T 
the first compression has moved over a certam distance from the strmg, where 
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the neighbouring air layers are also m a state of compression So the distance 
W between tuo ad;acent regions of compression (or two regions of rarefaction) 
in the track of the sound is the product of the ume T and the speed S, or 

W= ST 


If the string is vibrating with a frequency of n complete vibrations (forward 
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Fig 199 

Dngnmmuic rcprcsent-Uion of successive changes of pressure in a sound tracks 
starling Irom a \ibriiing string, showing how the speed of sound (S) is connected 
with the wuc kngth ’ (W) and period (T) of tune occupied by one complete 
vibntJOD 

Speed = Distance — Tune 
- W - T 

If one vibrauon takes 1 seconds/^ vibrauons occur in one second If the frequency 
is n per second ^ 

I 


Hence 


S - 
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back to the forward stroke) per second, it makes one vibration in 1 Jn seconds, 



Hence, according to the hypothesis we are going to test, the speed of sound, 
the frequency of the vibrator, and the “wave-length” W, are connected by the 
simple formula 

The reason for callmg the distance W a wave-length is that every layer of 
air m the track of a sound suffers compression and rarefaction in alter- 
nate half periods of the vibrator, just as every particle of water m the 
path of an advancing wave alternately moves above and below the normal 
level of the water when at rest If we could make a graph (Fig 203) by 
plottmg time along the x axis and the pressure ot any thm slice of air m 
the sound track above (+) or below (— ) the normal pressure of the air, it 
would be exactly like a graph of the upward and downward movements of a 
cork, floatmg on water as a wave progressed along the surface, made by 
plottmg time along the x axis and the displacement of the cork above (-f) 
or below (— ) the resting level of the water along the y axis It would also 
be mathematically equivalent to the horizontal or vertical displacement 
of a body movmg m a circle, as seen in Fig 195 

We have seen that the phenomenon of mterference is very difficult to 
explam by any hjrpothesis other than the one which is illustrated m Fig 199, 
and we can now put it to a more severe test To be useful it must do more 
than explain how mterference might occur Smee a scientific hypothesis is 
first and foremost a guide to conduct, it must tell us how to estabhsh the 
conditions m which mterference will ocair For simplicity wc will take 
as the source of sound m an experiment like the one in Fig 197, a tuiung 
fork giving 280 complete vibrations per second (just below middle D and 
above C sharp) To make the calculation simple let us also suppose both arms 
A and B m Fig 197 are 10 feet long The wave-length of the note m air is 
given by 

1,120 = 280 W (feet) 

W = 4 feet 

So, to begin with, the sound track in each arm is wave-lengths (Fig 200; 
Imagme an mstant of time when the air m the neighbourhood of a prong 
of the tumng fork may be rarefied At the pomt where both arms lead into 
the earpiece a region of compression will then exist Half a period later the 
air at the beginmng of the sound track will be compressed, and at the earpiece 
It will be rarefied Suppose that we now extend the arm B to 12 feet, makmg 
It half a wave-length longer The disturbance at its end will be a compression 
when the disturbance at the end of A is a rarefaction, and vice versa In the 
earpiece.compressions and rarefaaions arrive together, each neutralizing the 
effect of the other So the air m the earpiece will remain at rest and no sound 
will be heard If B is now extended to 14 feet (3i W) so that it exceeds the 
length of A by a complete wave-length, the air at the ends of both tubes will 
be m a state of low, normal, or high pressure simultaneously The sound 
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Will be loud again On extending B by another iW to 16 feet silence will 
result, and so on In pracuce the apparatus shown in Fig 197 is not the best 
type for putting the hypothesis to the test of actual measureraentj since the 
sound track docs not follow a straight line However, it is easy to devise 
apparatus with which we can show with great accuracy that silence occurs 
at any point where the disturbance, amvmg along one sound track, differs 
by a hall a period, or an odd number of half periods, from the disturbance, 
arriving along another sound track, from the same vibrator 
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Tig 200 —Inti rfciu nch in I wo Sound Tracks DiFFtRiNG by Half a Wave-Length 

There are several other ways in which this view of the nature of sound 
can be tested In ihe last chapter we found that Hooke’s law allows us to 
calculate the frequency with which a weight bobs up and down if we know 
the density, physical dimensions, and elastic constant K, of the spring Air 
also has the characteristics of a spring, and Hooke himself estabhshed an 
analogous law for the ’‘spring of the air” as he called it If w^e have found 
the elastic constant for air, we can also calculate the frequency with which 
a column of particular length will vibrate Hence the frequency of the note 
given out by an organ pipe can be calculated, and so also, as Newton first 
showed, the velocity of sound m air * As a check on the hypothesis both 
these quantities can be found b) other means 

1 F 

• I ht trcqucncv ot a \ ibraung string is given b> ^ where n is the number 

ot vibi ujons per svvond, / is the length m cm , F is the force or tension m dynes and 
m the mass of tlie strmg in gm per an length 
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We can also infer the existence of a phenomenon which we now encounter 
in everyday life, though the circumstances for verifying it did not exist when 
our present belief about the nature of sound was first tested out If you have 
been standing by a railway track when an express is blowing its whistle as 
It passes you, you may have noticed a sudden change of pitch at the moment 
of passmg Tlus is an example of what is known as the Doppler effect, after 
the physicist who pomted out its existence, as a necessary consequence of 
the theory, before it had been noticed Its chief interest lies in its bearing 
on the nature of light To understand it, we must draw a distmction which 
is not necessary so long as we suppose that the person who hears a sound 



Fig 201 — Seventeenth-Century Illustrai ion or Glass Jar Connected with a 
Vacuum Pump to show thai thf Sound of the Bfil is Only Hfard When Air 

IS Present in the Jar 

is at rest relative to the source of sound, or movmg at a slow speed compared 
with the speed of sound m air To begin with we distmguished musical 
notes by the frequency or penod of the vibrator Thus middle C is the note 
which we hear when a viohn strmg vibrates as a whole, with a frequency of 
256 vibrations per second or a period of ^ioth of a second If we are, com- 
paratively speakmg, at rest this is transmitted to us along a track m which 
at any given mstant successive layers of compression or rarefaction are 
separated by a distance 1,120 — 256 = 4 feet inches We might there- 
fore equally well say that the note we are descnbing is one which reaches us 
by a sound track of wave-length 4 feet 4^ inches Suppose, on the other 
hand, that we arc movmg rapidly m the direction of a source of sound The 
time tal^n for a disturbance, starting at the vibrator, to reach our ears will 
be less or greater, accordmg as we are movmg towards or away from it 
Relatively to ourselves the speed of sound is greater or less than it would be 
if we were at rest Ttfe speed of a sound relative to anybody who hears it is Wn 
So if the relative speed of sound changes, either W or w must be different from 
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Its previous value We might therefore say that the wave-length remams the 
same, and the vibrator appears to have a different frequency Smce the fre- 
quency of the vibrator is directly measurable, we may equally well prefer to 
say that the wave-length has changed Whichever we choose, the fact remams 
that the vibrator no longer appears to have the physical characteristic which 
defines the particular note which we hear when we are at rest 

The argument is more easy to grasp if you consider the person heanng 
the sound to be at rest, and the source like the engine whistle movmg towards 
or away from him If the vibrator m Fig 199 is at rest along the sound track, 
a compression startmg as in (1) covers a distance W dunng one complete 
period of vibration, by which time another has been generated In the penod 
T the distance covered would be ST feet This is then the actual wave- 
length of the sound track If the vibrator is movmg m the direction of the 
sound track travellmg towards the observer with a speed it will move 
forward through vT feet m a time T and the next compression begms 
ST — t;T feet bchmd the precedmg one Thus the wave-length will not 
be ST but (S — v)T If the source moves away from the person hstemng 
to the sound, it will be ST -}- vT feet from the wave front when the next 
compression is generated, and the wave-length will be (S + v)T So at the 
moment when a tram passes by a person hstemng to the whistle, the sound 
experiences a sudden increase of wave-length from (S — v)T to (S -t- t;)T, 
1 e by an amount 'IvT 

To make this more defimte, imagme an aeroplane flymg at 191 miles per 
hour or approximately 2S0 feet per second, close to a high buildmg from 
which a steam whistle is blowmg, the pitch of the whistle bemg two octaves 
above middle C, i e a frequency of 1,024 As it approaches, the wave-length 


of the sound is 


(1,120 ~ 280) 
li)24 


ft = 10 m (approx ) If the aeroplane were 


at rest a wave-length of 10 inches or 5/6 foot would correspond to a frequency 
of approximately 1,844 vibrations per second A vibrator of this frequency 
would emit a note nearly a third of an octave higher than one with frequency 
1 ,024 on the natural scale So the aviator hears a much higher note than the 
man m tlie street On passing the buildmg the wave-length of the sound 
(1 120 -f- 280) 

which reaches him is ^ ^ mches (approximately) A 

sound of this wave-length would correspond to the note given out by a 
vibrator of frequency 840 So the aviator hears a note about two-fifths of 
an octave lower than the man m the street The total change which the 
aviator experiences as he passes over the buildmg is a sudden increase of wave- 
length 2v r, 1 e 560 — 1 ,024 feet or approximately 6 mches 


THE NATURE OF LIGHT 

Although the hypotheses which have been advanced m the study of sound 
involve difficult reasomng, they do not come into violent conflict with our 
first-hand impressions of nature Similar hypotheses, v^hich have been very 
fruitful m leading to the discovery of new knowledge about the nature of 
hght, introduce us into a realm of bewildenng paradoxes if we start with 



The Sailor’s World View 


329 

wrong ideas about the nature of scientific enquiry Science is not a photo- 
graphic picture of the real world which exists independently of our views 
about It, and will continue to exist when we are no longer part of it It is an 
ordnance map which guides us m finding our way in it The mountain 
peaks are not pamted brown because they really are of that colour The 
brown is put there to show us where it would be waste of ume to build a 
railway track or appropnate to erect a sanatorium The endurmg fact about 
the real world is that there is (at the time of speakmg) a mountain peak in 
such and such a place The colour is the hypothesis which is useless without 
the key provided by the colour scale at the foot of the map If you grasp 
this firmly you will find no paradox in the statements that hght travels in 
waves, and that there is nothmg m which the waves travel 

Much that is written about science for people who want to know more 
about It merely consists of a scaffolding of metaphors of this kind To say 
that hght travels in waves is a metaphor which means as much as the brown 
colour of the mountam peak Everythmg depends on whether you know 
the colour scale which tells you the height Usefiil and fruitful facts are the 
permanent contribution of scientific enquiry to the edifice of human know- 
ledge, and hypotheses are the scaffoldmg of metaphors This may be illus- 
trated by taking a useful and fruitful fact of great antiqmty To say that the 
obliquity of the echptic is approximately 23 makes it possible for anyone 
to calculate his latitude, knowmg the day of the year, or to find the day of 
the year if he knows his latitude Its usefulness as a guide of conduct is not 
dimimshed in the slightest degree, even if we no longer accept the hypothesis 
which led the Babyloman priesthood or the Chmese astronomers to discover 
It about three thousand years ago 

Romer’s hypothesis, that hght travels with a fimte speed, followed about 
thirty years after the first determination of the speed of sound by Mersenne, 
who perfected the seconds pendulum Four of the satellites of Jupiter revolve 
very nearly within the plane of its orbit, and are hidden m its shadow once 
in nearly every revolution Romer had determmed their periods and orbits 
accurately enough to know how much error could arise m calculating at what 
mtervals echpses will recur, and the calculation can be verified whenever the 
Earth and Jupiter are m the same position relative to the sun On calculatmg 
the time of an echpse when Jupiter was near conjunction from the time at 
which a particular echpse occurred when it was m opposition, he found 
that the observed time was retarded by 16 f mmutes 

There are several conceivable ways in which he might have modified his 
origmal hypothesis For mstance, propmqmty to the earth might exert some 
specific influence on the motion of the satellites Alternatively the explana- 
uon does not he m their motion, but m the conditions for observmg them 
The second possibihty is suggested by our experience of sound Suppose at 
one place we observe that a gun fires at exactly noon every day If we set a 
watch accordmgly, and move ten miles farther away from the gim, we shall 
not hear it when the dial pomts to 12 on the followmg day The sound will 
reach us about 47 seconds after noon This retardation is not the only physical 
fact conveyed by laymg that sound travels with a certam fimte speed By 
Itself It might be due to the fact that the time of firing changes every time 
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we happen to move This can be rejected for two reasons One is that the 
same experience also happens to other people The other is the measurable 
time which elapses between hearing a sound and its echo 

Accordmg to Romer’s observation, an event which was timed for, let us 
say, midnight occurred at 16j mmutes after This retardauon, which occurs 
when the distance of Jupiter is mcreased by the width of the earth’s orbit 
(2 X 93,000,000 miles), is one of the physical facts imphed by saymg that 
light travels at a speed of 

2 X 93,000,000 

— — — = ]8(),000 miles per second 

IGi X 60 ^ 

However, there is more than this implied m the statement that light 
“travels” at 186,000 miles per second We can make various calculations 
analogous to those which we have made m connexion with measurements of 
sounds, if we pursue the metaphor suggested by the track of bullets, as 
Newton did, or by a succession of ocean waves, as Huyghens preferred to 
do Thus astronomical retardation agrees with measurements that can be 
made in the laboratory corresponding to measuring the retardation of an 
echo It is possible to measure the mterval which occurs between the time a 
beam of light leaves its source and is reflected back again This mterval 
depends, like the retardation of a sound echo, on the total path which the 
beam of light traverses 

A simplihcd apparatus showing the essential features for measuring the 
rauo of the distance to the retardauon, i e the speed with which hght 
“travels,” is seen in Fig 202 Light falls from the source S on a semi-trans- 
parent mirror at A Some of it passes through the latter, and some of it is 
reflected towards another mirror C, situated at some considerable distance 
(e g about 10 imles) Near A at B there is a toothed wheel between the notches 
ot which the hght has to pass on its way to C and on its return journey to the 
semi-transparent mirror A, where some of it passes through to be seen by the 
eye If the wheel is rotated at a low speed the bnghtness of the beam which 
reachc*' the eye is first reduced until it eventually disappears when a certam 
speed is reached Then it reappears and on doubhng the speed it becomes 
bright again A further mcrease results in dimimng and so on If we compare 
the mcident and reflected light to a shower of bullets bouncmg back from a 
target along their original path, there must be a speed of rotauon at which the 
light passing through the middle of a notch has only just enough time to reach 
the mirror C, and get back to the wheel before the next tooth obstructs its 
path, so that all the hght reflected from the first mirror is mtercepted at its 
return journey It n is the speed at which disappearance first occurs, the 
ume taken for this to happen, when the wheel has x teeth, as shown m the 
Icgenu of Fig 202, is 

1 

secs 

2nx 

« 

During this time the light traverses tzvice the distance D between B and C, 
so the speed of hght is 
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If the speed is further increased to m revolutions, the wheel rotates from the 
middle of a notch to the middle of the next tooth but one This is the speed 
at which disappearance next occurs, the speed of hght being 

3 


2D- 


'hnx 


= %nixT> 


Of course, m must be approximately three times if the reasomng apphes 
to the facts, and the two determmations should lead to the same result 






Fig 202 — Simplified Apparatus for Finding the Speed of Light 

If there are x equally spaced teeth and notches (6 m the figure for simplicity) and a 
IS the angle between the middle of a notch and the middle of the next tooth 


1 e u — W if there are 6 teeth and G notches A wheel turns through 360° in one 
revolution If it rotates at n revolutions per second, it goes through (3b0 x m a 
second, and through one degree in 


1 

300 X n 


seconds 


360° 1 1 

and through a in -r- < -stt: seconds 

2x 3b0 X n 2nx 

This IS the tune taken to rotate between the middle of a notch and the middle of the 
next tooth To rotate between the middle of a notch and the middle of the next tooth 
but one, it must go through an angle 3^1 , 1 e 

• 3 360 , 

^ X degrees 

If the speed of revoiutif a is then m per second, the time taken to do this is 

3 
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Actually it is best to take the average of the two For instance, suppose the 
wheel B and the mirror C are 5 miles apart, the number of teeth 720 and 
the speeds of rotation at which disappearance occurs first and next are 13 and 
38 per second We have now two values for the speed of hght 

4 X 13 X 720 X 5 = 187,200 miles per second 

j X 38 X 720 X 5 — 182,400 miles per second 

The mean in this case would be 184,800 miles per second Terrestrial 
determinations of the speed of light agree with the astronomical estimate 
with an accuracy of one part m ten thousand 

According to the reasonmg used m the design of this experiment and the 
calculation of results, the situations m which changes in the real world 
excite our organs of hearing and vision resemble one another m three ways 
Using the customary abstract noun as a convenient metaphor, we say three 
things about hght First, hght follows a defimte path The space between 
a source of hght and the eye has local characteristics If it is charged with 
dust particles a “beam” is visible to a second observer, and shadows are 
only cast where objects are placed in the region limited by the beam Second, 
a beam of hght can be turned back on its own course, or as we say ^"reflected,’’ 
like the echo of a sound Third, the time at which an object appears to be 
visible depends or how far it is separated from the observer’s eye 

But for one unfortunate circumstance there would be nothmg remarkable 
about these similarities Hearing is only possible if there is a substantial 
connexion, eg aji or water, between ±e organ of hearing and the source of 
sound, or between any resonator which acts as a source of sound and another 
vibrator to which it responds (Fig 201) This is not true of hght We can 
see objects separated from our eyes by space which is not filled by an 5 ^thmg 
which we can weigh If, for instance, an electric hght bulb and an electric 
bell arc suspended m a bell jar from which all the air is exhausted, the bell 
becomes inaudible till air is readmitted, while the hght is just as visible 
throughout the experiment This is a formidable objection to pursumg the 
analogy further When we say that sound travels m waves, we mean two 
things One is that at any region in the sound track, the air or other medium 
becomes successively more and less dense than it would otherwise be The 
other IS that at any instant of time a measurable distance separates successive 
places where the medium is more or less dense The first is what we mean by 
frequency The second is what we mean by wave-length, and the two are 
connected with the speed of sound in a definite way Since light can pass 
where there is nothing weigh able, its path cannot be mapped out m regions 
of \arymg density in a literal sense Consequently the similanty seems to 
break down 

In spite of this there are a variety of facts about hght which encourage 
us to look for further similarities, and we may be less surprised to .find this 
IS so if we bear in mind the real nature of the similanty between a sound 
wave and a wave of the sea The fundamental similanty is that the displace- 
ment of a particle of water m the track of a sea wave ana the density of a thm 
layer of air m the sound track can be represented graphically m the same 
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form (Fig 203) Measurements which involve the way these quantities vary 
from tune to ume can, ±erefore, be expressed algebraically in tlie same form 
The resemblance between two patches coloured dark brown on an ordnance 
map does not he m the physical property of colour Mountain peaks are 



riG 203 

The graphical representation on the variations of density m a sound track is a wave 

form. 

generally white The key to the resemblance, imphed in saying that sound 
is a form of wave mouon, lies m the sort of mathematics which is used in 
connexion with sound measurements 

A phenomenon which encourages us to search for similarity between the 



Obstrucuon of hght by two crystals of rourmaline placed with their long axes at right 

angles 

kind of measurements which we can make in studying light on the one 
hand and sea waves on the other, is a change which sometimes occurs when 
a beam^of hght passes through a mineral crystal This phenomenon called 
polarization was first studied by Huyghens It is very well seen when a 
beam passes through a crystal of tourmaline cut into two shces parallel to 
Its long axis If tie shces are placed m line so that the Jong axes are 
parallel (Fig 204) a source of hght can be seen through them, though not 
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as brightly as when the crystals are taken away There is no visible change 
if both halves are rotated simultaneously If one is rotated shghtly while the 
other IS held m position, the source becomes dim When the long axes of 
the two crystals are at right angles complete darkness results Rotation through 
another right angle restores the ongmal brightness The crystal acts like a 
grating It only allows some of the hght to pass through, and the part of 
the beam which does so can pass through a second crystal m which, to 
use the same metaphor, the shts of the gratmg are parallel to those of the 
first Though a hailstorm of bullets might seem a more appropriate parable 
for the experience that light passes through a vacuum, the analogy of 
waves IS the only one which fits polarization (Fig 205) Bullets could pass 
freely wherever the slits of the grating crossed Waves sent along a skippmg 
rope held between the shts of a grating can only pass if they occur m the 



l^iG 205 — Waves Like Dispi acemlnts Along a Skipping Rope Obstructed bv 
Two Slits at Right Angles 

plane of the shts, and are completely obstructed by a second grating with 
slits at right angles to those of the first 
The wave analogy was suggested by Huyghens, the bullet analogy by 
Newton Newton’s reputation was in the ascendant, and further theoretical 
interest m optical theory declmed after Nekton’s work on the spectrum, till 
practical scientific mstrument makers solved the problem of making achro- 
matic lenses The issue of Dollond’s patent in the latter half of the eighteenth 
century prompted a commercial demand for large telescope lenses of high- 
grade glass, and the renewal of interest in the theory of light followed the 
invention of a process for makmg optical glass in thick homogeneous slabs 
during the closing years of the same century I here was steady progress 
during the first three decades of the nineteenth century, an enormous im- 
provement in opucal instruments, and with it a new drive to theoretical 
research For example, the Committee of the Royal Astronomical Society 
commissioned Faraday in 1824 to investigate the chemistry of opDcal glass 
production , and Foucault, the 1 rench physicist, invented new methods for 
polishmg large discs of flint glass In England Young, apd m France, where 
Laplace was the centre of an influential school of astronomers, Foucault and 
Fresnel, returned to the problem which had been neglected for more than a 
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century, and eluadated the phenomena of interference and diffraction 
which had emerged already in Newton’s work on colour frmges 
You may say that Huyghens’ hypothesis was merely reasoning from 
analogy In our childhood and adolescence we are continually warned against 
the fallacies that beset this method of argument The truth is that analogy 
IS a very powerful instrument of scienafic reasoning, and most of the really 
fruitful known facts about nature have been discovered by reasomng from 
analogy, often analogy of a very crude kind Analogy like any other instru- 
ment in the techmque of reasoning is helpful or harmful according as it is 
used to suggest further enquiry or to close the door to it If, hke a man of 
science or a craftsman, you want to get something done, you cannot afford 
to run the risks of inexperience So analogy will point the road to new dis- 
coveries If, hke an economist, you want excuses for leaving things as they 
are, analogy will provide you with as many as you want 
Among the class of fruitful facts which the wave analogy has stimulated 
people to discover, the phenomenon called interference provides the simplest 



Fig 206 — iNTrRFCRENCE Bands Formed by 1 wo Mirrors on a Screen 

illustration of the way in which the same kind of mathematics can be used 
in calculatmg measurements of light or waves We have seen m what cir- 
cumstances two sounds can combine to produce no audible effect In 
analogous arcumstances two beams of hght can produce darkness To 
demonstrate interference of sound directly we have to use sound tracks 
of the same wave-length, and this is generally done by forcmg sound to 
reach the air by paths of different length from the same vibrator The 
white light by which we usually see things is not pure It is a mixture (p 169) 
of several kinds of coloured lights, just as most of the sounds we hear are 
the result of simultaneous vibrations of different frequency If two notes 
of a chord were sounded together in a tube like the one shown in Fig 197 
we should not get complete silence as the result of changmg the length of 
one arm An extension of the adjustable tube suffiaent to produce mter- 
fcrence of one note would not lead to extmction of the other Increasmg its 
length would result m hearing first one note alone, next the other note alone, 
then the complete chord, and so on. Many situations occur m which we see 
a region of bnghtnjss split up mto bands correspondmg to the complete 
chord of the spectrum alternatmg with coloured frmges like the spectra 
produced by pnsms. You have probably seen this effect when the moon is 
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surrounded by clouds, and you can always observe it by looking at the sun 
between the gap of two fingers pressed close together In the laboratory it can 
be produced in various ways, such as focussing hght on a screen from a narrow 
slit through two edges of a prism simultaneously, or by reflection from two 
mirrors inclined at a very small angle Another way is to make hght pass 
through a very fine grating of parallel slits, like the fine shts between the hairs 
of your fingers When pure spectral hght, like the yellow glow produced when 
a pinch of common salt is thrown m the non-luminous flame of an oil cooker 
or blowpipe flame, is used instead of white light, bands of pure coloured hght 
alternate with streaks of complete darkness 


Obtuse 




Fig 207 — Two Arrangements For Showing In’t^rference Bands 


The distance w^hich separates these interference bands has a definite 
relauon to the conditions of the experiment It varies accordmg to the dis- 
tance of the source and screen from the prism, etching, or rmrrors, the angle 
of inchnation of the mirrors or prism faces, and the distance apart of the 
etchings m a “diffraction” grating If the same conditions are reproduced the 
bands are the same distance apart so long as the same kmd of pure light 
is used So we can associate a particular measurement with hght of a parucular 
colour, just as Pj thagoras found that a particular length of a stnng is charac- 
teristic of a particular musical note By itself, the discovery of Pyvhagoras 
could not tell Ctcsibius how long to make the pipes of his organ So likewise, 
by themselves, the measurements which tell us how to gft interference bands 
for a certain kind of hght with tw^o mirrors do not tell us how to get the same 
result with a prism Before it was possible to calculate the dimensions of sjn 
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organ pipe, which will give a note equivalent to one produced by a stnng 
of known length, thickness, tension, and elasticity, it was necessary to find a 
number, which defines it mdependently of the nature of the mstrument used 
to produce it This number is its wave-length 



Fig 208 — Calculating the Distance Apart of the Two Images from the Same 
Source When Two Mirrors are Inclined To one Another at an Angle 180°-6j 

b Being Small 

The image of the slit S in the upper mirror appears to be at A, tlie same perpendicular 
distance (AX) behind the mirror as separates the mirror from the sht The ray so 
striking the mirror at its edge O also appears to come from A at the same distance 
Irom O as S, I e OA = OS The image of S in the lower mirror appears to be at B, 
and for the same reasons SY = BY and OB = OS Hence OB = OA and the two 
images A and B, together with S the slit, lie on the same circle of radius OS = r 

The triangles ZOY and ZXS arc both nght-angled with a common angle c So the 
third angles b are equivalent The angle ASB ( = 6) stands on the same arc as AOB, 
and smee the angle which an arc subtends at the centre (O) is twice the angle it 
subtends at any pomt (S) on the circumference, AOB — 2 b If 6 is measured in 
degrees, the length of the arc AB is 

277r X 2b inrb 
“360 

If b IS very small the arc AB differs by a neghgible quanuty from the chord AB 
which IS the actual distance of one image from the other 

So although a wave is merely a metaphor, a wave-length, if we care to 
use the same expression, is not The number which enables us to make 
measurements on the mterference of hght embodies a physical* truth about 
the way m which we succeed in making correct measurements of changes 
which occur m t]ie real world By pressmg the analogy of wave motion 
farther we obtain a set of numbers which have a relation to different regions 
of the spectrum similar to the relation between the wave-lengths of notes m a 
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musical chord A wave-length m sound is a number applied to a distance 
One of Its charactenstics is that if the distance traversed by two sound tracks 
simultaneously reaching the ear from the same vibrator differs by half the 
distance called the wave-length of the note it gives out, no sound is heard 
Clearly, there is no reason why we should not find a corresponding distance 
connecting the length of two beams of hght which reach the eye from the same 
source With two mirrors this can be done in the way shown m Figs 207 
and 208 

The mirror experiment depends on plaang the source of single-coloured 
light, which is a thin slit (S), in such a position that the paths of any two rays 
reflected on the screen from the two mirrors are of unequal length Light from 
a plane mirror appears to come from a point equidistant behind it The paths 
of any two rays which meet at a point on the screen where they reinforce 
or interfere arc equivalent to the distance of the point from the images 
(A and B) of the slit behind the two mirrors If the mirrors are tilted towards 
one another through a very small angle (le the angle between them is 
180° — h)^ so that the distance of their common edge from the slit is r, you 
will see from Fig 208 that the distance between the images (d) is related 
to their distance (r) from the source of light by the simple formula 
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(when b is measured m degrees) 


So to get the distance between the two images it is only necessary to measure 
the angle at which the mirrors are inclined and the distance of their common 
edge from the slit At any point P or Q along the length of the illuminated 
patch where the two reflected beams overlap on the screen, the paths of the 
two reflected rays differ by a small distance which is calculable If the differ- 
ence at P IS /) and the difference at Q, separated from P by the distance PQ, 
IS q, Fig 209 shows that if the mid-pomt between the two images is separated 
from the screen by a distance D 

P Q ^ if gPQ 

If the screen is separated from the common edges of the two mirrors by a 
distance 5, and is perpendicular, or nearly so, to the plane bisecUng the angle 
between the mirrors, D = s + r Accordmg to what we have agreed to mean 
by a wave-length, if P is a point in the middle of a dark interference band, the 
difference in the length of the paths traversed by the interfering rays is either 
\ a wave-length, or U w^ave-lengths, or 2\ wave-lengths and so on For sim- 
plicity suppose It is 34W Interference will next occur if the difference of 
the paths is 2 J or 4iW So if Q is the middle of the nearest mterference band 
separated from P by the distance PQ, q is either 24 W or 4iW Whatever p is, 
the difference between p and q is always W, i e 

W=^PQ 

4'T7ri 


or 


360(5 + r) 


PQ 
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The distance (PQ) between the middle of adjacent streaks of darkness can 
be measured accurately with a microscope It is then found that the value of 
W for yellow sodium hght (from common salt) is 0 0005893 millimetre 
(0 0000232 mch) 



Fig 209 — Difference Between iuf Length of Two Rays Impinging on the 
Same Point (P or Q) of a Screen Equidistant from Two Sources of Light 

A AND B 


The point P is separated by a distance x from O, the point vertically opposite the imd' 
point of the line joining A to B The distance of the sources from the screen is D and 
from one another d By Pythagoras* theorem 

AP* - + xY f D* 

= \d^ -f ijc + 4- 

BP“ = (M- xY -\ D> 

= i - djc + 

AP* - BP> - 2dx 
(AP - BP) (AP + BP) - 2dx 

If P IS near O, and D is great compared with dy AP + BP does not differ appreciably 
from 2D 


AP - BP - 


2D D 


If Q is another pomt and OQ ^ y 

AQ - BQ = ^ 

If p IS the difference m length of the rays meetmg at P (i e AP — BP), and q is the 
difference in length of the rays meeting at Q (i e AQ — BQ) 


9- p =^y - 

=4pq 


This measurement, like the wave-length of a musical note, is inde^Jendent 
of the mstrument By applymg the law of refraction m the same way as we 
have here apphed the law of reflection we can calculate the posmon {d and D) 
of the two images when yellow sodium hght (from common salt) is passed 
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simultaneously through two faces of a pnsm The same result is obtamed 
from the measurement of the mterference bands, i e W = PQ(^ — D) 
With pure lights of different colour different values of W are found For 
describing wave-lengths in whole numbers it is now usual to express them 
m 10-miIhonths of a millimetre (called an angstrom) Each colour which the 
eye recognizes as distmct corresponds to a certam range of wave-lengths, 
extendmg between roughly 4,000 and 8,000 Angstroms The middle of the 
violet region of the spectrum corresponds to about 4,200 A , the middle of 
the blue to about 4,600 A , the middle of the green to about 5,200 A , the 
middle of the yellow to about 5,800 A , and the middle of* the red to about 
7,000 A 

Although the mathematics of wave motion is not particularly easy, it has 
one comparatively simple application which brmgs out the fruitfulness of the 
wave metaphor as an aid to measurement m a very spectacular way. This is 
the fact that we can calculate from measurements based on a phenomenon 
comparable to the Doppler effect, a value for the earth’s distance from the 
sun m close agreement with the value obtamed from the parallax of a near 
planet (p 210) The spectrum of sunhght is crossed by fine dark hnes In the 
spectra of hght from some of the stars similar hnes appear Measurement of 
where these he by photographmg their spectra side by side with that of a 
terrestrial source of light (like sodium hght or the iron arc) shows that they 
undergo a shght shift m the course of the year, accordmg as the earth is 
moving m its orbit towards or away from the particular star whose spectrum is 
studied The pitch of sound is different when we are movmg towards or away 
from the source The shift m the wave-length of the dark hnes m starhght is 
analogous If the sp^ed of the observer (?;) is known, the shift can be calculated 
from the speed of hght (S) by the Doppler formula 2vT, m which T is the 
period of the vibrator (p 328) If the wave-length is W when the observer is at 
rest, T = W — S So that the shift from a wave-length Wj when the observer 
is moving towards the source to W 2 when he is movmg away from it is 
2v\(/ — S The wave-length of the sound heard by an observer at rest may be 
taken as the mean of the wave-lengths (W^ and W 2 ) of the sound when the 
observer is m moDon An analogous calculation may be made for the annual 
shift m the spectra of the stars 

For a star smtably chosen the observer’s speed (v) can thus be the rate at 
which the earth rotates m its orbit If r miles is the mean distance of the earth 
from the sun, the circumference of the orbit is 27rr miles, which it traverses 
m ib5 days, or 305 X 24 x 3,600 seconds Twice in the course of a year, at 
intervals of six months, a physicist examining the spectrum of such a star can 
do so when it is movmg directly m the hue of sight cither towards or away 
from the source, with a speed 

V = 277T — (365 X 24 X 3,600) miles per second 

Having found the wave-lengths of various sources of pure hght, it is possible 
to graduate the whole spectrum m wave-lengths Hence the shift of a Ime (or 
the middle of a broad one) can be expressed as a wave-length If we sub- 
sutute the value of the shift, the speed of hght (S), and the i/ave-length corre- 
spondmg to the mean posmon of the band m Doppler’s formula for sound. 
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we can get a value for and from this r is foimd to be approximately 924 
million miles, which agrees to less than one pan in two hundred with the 
parallax value The Doppler effect can also be used to calculate the rate at 
which the fixed stars appear to be movmg away from us A readable account 
of recent speculations on the expandmg imiverse is given in the 1935 edition 
of Whitaker^s Almanack and m J G Crowther’s Progress of Science 
Researches of this kind may seem to be very remote from the everyday 
life of mankind This is far from true The mitial stimulus which spectroscopic 
research received from the progress of glass technology, after the long period 
of mertia subsequent to Newton’s work, was reinforced by the discovery 
of chemical regularities m spectra at a time when chemical manufacture 
was acavely encouragmg exploration mto new fields of enquiry How spectro- 
scopy has helped us to build dirigibles and make the coloured hghts of adver- 
tising signs will be explained later to be one of the crowmng victories of man’s 
conquest of materials How the extension of the wave metaphor led to the 
discovery of wireless transmission which has broken down so many social 
barriers of space and time will appear in the story of man’s conquest of 
Power The distinction between fruitful and useful facts which was made 
elsewhere is more superficial than real Information that is fruitful in acting 
as a check on methods of discovery and a correct hypothesis leads in the 
long run to the kind of knowledge which can be used to provide more of 
the means of life and leisure 
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Fig 210— The Vernier Scale • 

Invented by Pierre Vernier, a French mathematician, early in the sixteenth century, 
the vernier scale is an auxiliary movable ruler device, which permits great accuracy 
On the lower ruler a distance equivalent to 9 divisions on the upper scale is divided 
into 10 parts To measure an object the end of which is marked by the thin Ime between 
3 2 and 3 3 m the figure, set the beginmng of the vermer scale at this level and look 
tor the first division on the vernier which exactly comcides with a division on the 
upper scale In the figure this is the second division and the correct measurement is 
3 22 The theory of the device is as follows If x is some fraction of a division on the 
upper scale to be ascertamed, the correa measurement is 3 2 + x The first whole 
number a of the smaller divisions on the lower scale which comcides with the upper 
differs from a divisions on the upper scale by the distance x Now 1 division on the 
lower jcale is i'., of a division on the upper Hence 

(/.,a) ^ X ^ a 

X = ^\,a 

If a IS X = 2 tenths of a scale division on the upper scale If a division on the upper 
^calc IS 0 1, X = 0 02 
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THE ‘‘aberration” OF LIGHT 

During the period which immediately followed Newton’s work on colour 
fringes the only important advance m the study of light had been mdependent 
confirmation of Romer’s view from an unexpected source by Bradley, the 
Astronomer Royal, m 1728 The confidence wluch Newton’s theory conferred 
on the Copenucan doctrme stimulated renewed attempts to obtam decisive 
evidence of the earth’s orbital motion from the detection of a measurable 
displacement of the position of a fixed star at times when the earth is at opposite 
ends of a diameter of its orbit In the early part of the seventeenth century 
accuracy of measurement had been greatly advanced by two mventions, the 
telescope and the vernier device shown m Fig 210 If the earth revolves around 
the sun, there should be detectable differences m the Rj\ and decimation of 
any star at different seasons The maximum displacement of R A (sec Fig 2 1 1) 
occurs when the star’s R A differs from that of the sun by 6 hours or 18 hours 
There is then no difference m decimation The maximum difference of 
declination should occur (Fig 212) when the sun’s R A differs from that of 
the star by 0 hours or 12 hours There should then be no parallax m R A 
From these seasonal differences we can calculate the star’s heliocentric parallax^ 
which is approximately the ratio of the sun’s distance to the star’s distance 
from the earth. 

These parallaxes are very small For the nearest star (Fig 213) of great 
bnghmess visible from the latitude of London — Sinus — the angle of parallax 
IS only about one-third of a second of arc (0 371") j e one ten thousandth 
of a degree, and there were no instruments sufficiently dehcate to measure 
such small differences until ihe beginning of the mreteenth century, when 
the new patent of Dollond, improved rnanufacrure of optical glass, Foucault’s 
method for polishmg lenses, and the thcoreucal researches into achromatism 
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Fig 211 

When ihc sun’s R A differs from the star’s by h hours or 18 hours, the parallax is 
in R A only, and there is no parallax m declination If the star’s distance from the 
solar system is d, and the radius of the earth’s orbit r, tan /> = r ^ d or d — r — tan p. 
The star diosen is y Draconis with R A 18 hours It is not actually in the plane of 
die earth’s orbit, but considerably north of it 
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which accompanied the progress of scientific glass technology, bore fruit in 
great improvements of telescope construcuon and in the mvention of the 
compound microscope 



Fig 2 12 —Bradley’s Observations on y Draconis 

When the sun’s R A is the same as the star’s (or differs by 12 hours), there is maximum 
parallax in decimation and no parallax m R A The star drawn is y Draconis, which is 
taken to be near the pole of the ecliptic it is actually about 15® away Remember 
(see hig 127) m reading this figure that the earth is “m Capricorn” when the sun is 
“in Cancer” and vice versa The R A of y Dracoms is approximately 18 hours, i e 
its lower transit is at midnight about December 21st, and us upper tiansit at midnight 
June 21st On these dates its declination should exceed its mean value D (the 
declination of the star from the celestial equator with the sun as its centre) by the 
minute parallactic angle — p or -f p This is now known to be 0 17, an angle 
too small for Bradley to measure On the contrary he found that the declmauon, di 
on March 21st, when there should be no parallax m declination, was less than D, and 
that the declination on Septemibcr 2Jrd, when there should also be no parallax 
in decimation, was greater than D by one-thud of a mmute of arc (2(j 5") 
On March 21st the earth is travellmg towards the dueaion from which the angle D 
IS measured, i e it is movmg away from the celesual pole On September 2 Ird it is 
travellmg away from the direction from which the angle D is measured, i e it is 
movmg tovi ards the celestial pole 

Amcftig many other contemporaries of Newton, Bradley was engaged m 
the search for a detectable star parallax He chose a star in the constellauon of 
Draco The star y praconis hes about 15^ from the pole of the ecLptic For 
simplicity It IS drawn as if it were at the pole of the echptic m Figs 212 and 
216, which more nearly describe the posiuon of w Draconis, only 3° from the 



344 


Science for the Citizen 

echpuc pole The R A of y Dracoms is very nearly 18 hours So it should 
show maximum displacement of decimation about June 21st and December 
21st Bradley could detect none with his instruments On the contrary he 




Fig 213 — SiNFs and Tangents of Very Small Angles 

The sine of the angle a is BD — AD and the tangent is BD — AB When a is very 
small, the arc CD docs not differ appreciably from the perpendicular BD, and the 
base AB docs not differ appreciably from the radius of the circle AD = r So sin a 
CD — r and tan a = CD — r If the angle a is measured m degrees the arc CD 
is a{277r) ~ 300 It it is measured m seconds of arc, it is 27rra — ( 160 X 00 x CO) 
Hence sin a" and tan a" are each 

27ra _ 44u 

300 X 00 X 60 ■“ 7" x "^> X i0» 

So if /)" IS the parallax of a star 

// 44j) 

^ - 7 X 36» X 10* 

star’s distance = sun’s distance — = 

7 X Jb» X 10= 

^ 93,000,000 X 30» X 10= X 7 
44/> 

^ 192 X 10^^ 

P 

The parallax of Sinus is 0 371" Hence the distance of Sinus is 

192 X 10^* — 371 = 52 X 10^* or 52 billion miles 

found a displacement which was greatest about March 21st and September 
23rd, the dates on which the dechnauon should not be ^eaed by par allax 
at aU Bradley confined his observations to the measurement of decimation 
The difference in decimation of two stars is simply the diffrrcnty of die two 
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zenith distances at transit (D = z d + lat ) if measured at the same latitude 
An eqmvalent difference in R A is also found when the star’s R A is the same 
as the sun’s or differs from it by 12 hours, 1 e when there should be no 
difference due to parallax 

According to Cajori the clue to this anomalous behaviour came to him from 
a class of everyday experiences which greatly helped to elucidate the laws of 
the combmation of motions m different directions, when navigation was at 
the mercy of wmd and current “Accompanymg a pleasure party on a sail on 
the Thames one day about September 1728,” he noticed that the wmd seemed 
to shift each time “that the boat put about, and a quesDon put to the boatman 
brought the (to him) significant reply that the changes in direction of the vane 



Fig 214 — The Tilt of the Telescope 

To envisage the significance of Bradley’s observauons, imagine a train of bullets from 
a machine gun fired at the mouth of a cylinder with its opening pointed directly towards 
the oncommg bullets If the cyhnder is moved with a speed d ft per sec in a direc- 
tion at right angles to the movement of the bullets, the latter will not pass straight 
down the middle of the cylmder If the motion of the cylinder is sufficiently swift they 
will strike against the sides To prevent this the cylinder must be ulted in its direction 
of motion At a suitable tilt the bullets will pass straight along the middle of the 
cylinder The propagation of a wave front of light along Bradley’s telescope was analo- 
gous That IS to say, the object glass of the telescope has to be tilted slightly towards 
the direcuon of the observer’s motion 

at the top of the mast were merely due to change m the boat’s course, the wind 
remaining steady throughout ” The significant fact about the shift called 
“aberration” whuch Bradley first observed was that the greatest displacement 
of the star’s position is found at times when the earth is moving in its orbit 
either towards or away from the direction from which the angle is measured 
(Fig 212) This fact receives a simple explanation from the fact that light 
travels with a finite speed Hence the direction from which light reaches an 
observer is the resultant of his motion and that of the light If the light is to 
pass down the centre of the telescope and be seen by the eye, the object-glass 
of the telescope must be tilted slightly m the direction of the observer’s mouon 
(Fig 214) If the telescope is used to measure the angle between the star’s 
direction and some direction of reference (e g a direction along the celestial 
equator m Fig 212^ or along the ecliptic plane in Fig 215), then the angle is in- 
creased if the observer’s motion is away from the direcuon of reference and 
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Fig 215 — Aberration of Light 

If tile observer is at rest with his eye at B, hght strikes the objective of Ins telescope 

at A, and traverses the distance AB m x seconds The angle D is the elevation 

of tlie star above the plane of the ecliptic in which the earth is moving, i e the 
celestial latitude of the star This is the true direction ot the star The observer 
is moving away from the source of light m the upper figure and towards it in the 
lower figure, m the line BC, and traverses the distance BC m x seconds If he is 

movmg away from the source and holds his telescope at the angle D, his eye 

reaches C when tlic light has traversed the distance AB So he does not see the source 
To see it, the telescope must be tilted upwards i e m the direction of his motion, at an 
angle d, so that the light strikes the objecuve at A when he is at D before he gets 
to R, and docs not reach B till he and his telescope have traversed the distance DB, 
X seconds later Hence DB = BC If he is moving towards the source of hght as in Uie 
lower figure the telescope must be tilted dovmtvard, i e m the direction of his motions, 
making an angle d^ Since hght passes over a distance AB in x seconds, and the speed 
of light IS AB — X, the observer's speed is BC — * 

AB Speed of hght 

BC Speed of observer 

In the upper figure the exterior angle d, -- D -f- a. In the lower figure the exterior 
angle D = d, -h fli, i c dj = D — a. 
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decreased if his motion is towards this direction For example, m Fig 212, 
declination is measured from a Ime on the celestial equator plane, joining the 
sun to the R A. circle of the star On March 21st the earth is movmg m this 
direction, and smcc the telescope must be tilted towards tlie direction of motion, 
the angle D is decreased On September 23rd the earth is moving in the 
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Fig 216 

Since y Dracorus is fairly near the pole of the ecliptic, its celestial latitude L, may 
betaken as about 90"* But on March 2 1st, ulting the telescope in the direction of 
the observer’s mouon decreases the observed latitude by a small angle, a, to /j 
Similarly on September 23rd, the angle is mcreased by a to /* 

BD 

Now tan a = and smee a is a very small angle (sec Fig 213) 

BD 
“ AB 

_ earth’s orbital speed 
speed ot light 

opposite direction, and tiltmg the telescope towards the direction of motion 
mcreaacs the angle The plane of the. earth’s orbital motion is not the 
celestial equator, but that of the eclipuc So the elevation of the star from the 
echptic, 1 c Its celesual latitude (see p 220), measures the mclinauon of the star- 
beam to the observer’s motion This can be calculated from its decimation and 
R A by an apphcation of the formulae m the appendix to Chapter IV When 
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the celestial latitude is 90°, i e when the star is at the pole of the cchptic, the 
correct set of the telescope simply depends on the speed of the earth m its orbit 
and the speed of light, just as the correct angle for aimmg at a pheasant flymg 
directly overhead (p 239) simply depends on the speed of the bird and the 
speed of the bullet If r is the distance of the sun from the earth, the observer 
IS movmg through 27rr = -/r miles m 365 days His speed is therefore 


44r 

7 X 306 X 24 X 60 X 60 


Hr 

42 X 366 X 36 X 10^ 


miles per second 


If the star is at the pole of the ecliptic, the angle a is 20 6", i e 20 6 ~ (60 
X 60) degrees, and 

_ speed of earth’s orbital motion 
speed of light 


It the speed of light is 186,000 miles per second. 


tan a ~ 


Hr 

42 X ^ X 36 X 10^ X 186 


The tangent of this angle can be found without recourse to tables (Fig 213), 
bemg 

20 6 tt _ 41 X 22 

60 X 60 ^ Tio ~ 72 X 18 X 7 X 1^ 


So we may put 

Hr 


41 X 22 


r 


li^X 42 X 365 X 36 X lO^ “ 72 X 18 X 7 x 10^ 
41 X 22 X 42 X 186 x 365 x 36 X 10> _ 9259 X 10* 
11 X 72 X 18 X 7 ' “ ^8 X 102 


approx 


To three sigmficant figures this is 92,800,000 miles, in close agreement with 
the sun’s distance calculated from parallax or from the annual shift of the spectra 
of the fixed stars 


THE SURVIVAL OF WORD MAGIC 

During the nmeteenth century, when the phenomena of mterference were 
first fully investigated, the wave metaphor became firmly entrenched in 
scientific discussion It was the fashion to speak of a supposititious all- 
pervading ether, which remained when all weighable matter had been 
removed from a space The plain truth is that this ether was less a description 
of what we encounter when mvestigating the world than a description of the 
kind of mathemaucs with which we calculate what happens m certain 
circumstances In the study ot how chemical qualities of substances (like a 
pinch of common salt) are related to the spectra which they yield when 
made to glow in a non-luminous flame, recent discovenes have received less 
help from the wave metaphor and more from the analogy of the bullet 
Consequendy the ether is recedmg into the realm of word magic alon^ with 
phlogiston (p 422), the life force and the Real Presence 

Science has nothing to lose from the decease of a metaphor In a different 
social context from the one m which we hve, the change Imght be regarded 
as a welcome release from reliance on the existence of somethmg beyond 
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the range of our senses If we wish to understand why the new outlook m 
physics IS interpreted as a reason for rejecting the materiahstic temper of the 
century which began with Diderot and ended with Darwin, we must not expect 
to find an answer m the progress of scientific knowledge The story of man’s 
conquest of Substance and of Power will make it clear that we have reached a 
situation m which social machmery can no longer accommodate rapid advance 
in discovermg the material amemties which science confers We are thus 
faced with two alternatives One is to devise the social machmery which will 
ensure the further progress of science by findmg social uses for new dis- 
coveries The other is to discredit confidence m the fact-lovmg method of 
science This can be done most effectively by surrounding the work of the 
scientific mvesdgator with an air of mystery, so that he fulfils the role of the 
first men of science in human history The ancient calendar priests were the 
first scientists and the first civil servants They ceased to be scientists as they 
aspired to become masters The world tires of us masters and finds a growmg 
need for efficient civil servants So we may hope that the adventure of human 
knowledge will survive all the efforts to remstate mysticism in the present 
period of cultural decay 

The phase of discovery which has been dealt with in this chapter draws 
attenuon to aspects of scientific method often overlooked, especially in the 
study of social mstitutions There are two errors commonly held among people 
who study human society The one to which the economist is prone is the use 
of facts to illustrate hypotheses based on seemmgly self-evident prmciples, 
instead of the use of facts to test whether seemingly self-evident prmciples are 
a safe gmde to conduct At the opposite extreme is the school of historians who 
eschew all hypothesis and discourage “rash” generalization, apparently 
content to collect facts as an end m themselves T he truth is that scientific 
knowledge is not a mere collection of facts It is an organized repository of 
useful and fruitful facts Some of the most useful and fruitful facts have been 
found by usmg theories which seem utterly absurd m retrospect. What 
specially distmgmshes the method of genuine science is that theory and 
practice, hypothesis and fact, work hand in hand In a scientific experi- 
ment the mvestigator sets out to collect the facts that he expects to get 
If they do not exist he fails to get them If he fails to get them there must be 
something wrong with his expectations So if he is a good investigator he will 
either discard his hypothesis or modify it and submit it to further test m its 
modified form A scientific hypothesis must live dangerously or die of inani- 
tion Science thrives on daring generalizations There is nothmg particularly 
scientific about excessive cauuon Cautious explorers do not cross the Atlantic 
of truth 

THINGS TO MEMORIZE 

1 Wave-length x frequency = speed of sound = 1,120 feet per second 
at 15° C 

* 1 /f 

2 Frequency of vibrating strmg n == —a/ — 

21 1 nt 

3 The change ih wave-length observed when someone movmg with a 
velocity V passes a source of frequency T is 2t;T. 



350 


Science for the Citizen 


EXAMPLES ON CHAPTER VI 

Take the velocity of sound as 1^120 feet per second ^ except where another value 
IS indicated 

1 What IS the wave-length of a note if the velocity of the waves is 1,100 feet 
per second and the frequency is 440? 

2 If the shortest wave-length a man can hear is about 18 cm and the 
longest about 900 cm calculate the frequency m both cases Take the velocity 
of sound to be 33,000 cm per second 

3 What 18 the wave-length of a pure note if the speed of propagaaon is 
340 metres per second and its frequency is 266 per second? 

4 ‘A steamer nearmg the coast blows a whistle and after 10 seconds an echo 
IS heard When the whistle is blown five minutes later the echo is heard after 
8 seconds Calculate how far from the coast the steamer was when the second 
wlustle was sounded, and her speed 

6 How far away is a thunderstorm, if a flash of hghtmng is seen 4 seconds 
before a clap of thunder is heard? 

6 A man standing m a ravine with parallel sides fires a rifle He hears an 
echo after seconds and another 1 second later After another 1} seconds he 
hears a third echo How do you account for these echoes, and how wide is the 
ravine? 

7 The echo of the blast of a ship’s siren is heard in IJ seconds If the 
reflection is caused by an iceberg, how many seconds after hearing the echo 
will It be before the ship, steaming at miles per hour, hits it? 

8 An engme, blowmg a whistle whose frequency is 600, passes a man in a 
signal box at a mile a minute What does the frequency of the whistle appear to 
be to the man, before and after the engine passes? 

9 When half a mile away from a tunnel through a hill, an engme blows its 
wlustlc, and an echo is heard by the dnver seconds later Taking the velocity 
of sound as 1,100 feet per second, how fast is the engine gomg? 

10 A train rushes past a stationary engme, which is blowmg a whistle of 
frequency 600, at 60 mdes per hour What value would the passengers m the 
tram give to the frequency of the whistle before and after passmg? 

11 A bullet is heard to strike a target seconds after it has been fired 
with a velocity of 2,000 feet per second How far away is the target from the 
marksman? 

12 A tumng fork has a bristle attached to one of its prongs which just 
touches a vemcal smoked glass plate When the tunmg fork is sounded and the 
plate allowed to fall under the action of gravity a wavy Ime is traced on the 
plate If a distance d marks off N waves show that the frequency is Na/2^ 

13 Usmg the same apparatus as m Example 12, the plate is dropped from 
rest through a distance of 1 8 cm In the next 10 2 cm fall the fork makes 
36 waves What is the frequency of the fork? 

14 What is the depth of a well, if a stone is heard to strike the water 2 seconds 
after it is dropped? (Take = 32 ft sec •) 

16 When two vibrating bodies have not exactly the same frequency, there 
arc times when the compressions or rarefactions from both sources pass a given 
spot simultaneously, and times when a compression from one neutrdizes a 
rarefaction from the other These alternate periods of much disturbance and 
then comparatively httlc disturbance produce a pulsatmg effect called beats 
If two strmgs of frequencies 300 and 302 per second are^ bowed, how many 
beats are produced in a second? 
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16, Two tuning forks, one of frequency 266 per second, are sounded simul- 
taneously and produce 4 beats per second When the other fork of unknown 
frequency is loaded with a small piece of wax the beats stop Determine the 
frequency of this fork 

17 Two tunmg forks of frequency 512 are taken One of the forks has its 
prongs filed, so that when sounded with the other 6 beats per second are 
produced Fmd the frequency of the filed fork 

18 A noise is heard at three stauons A, B and C A hears the noise 13 14 
seconds before B and 8 89 seconds before C If the rectangular co-ordinates 
of A, B,and C, are respectively (4,0;, (0,0) and (0,2) on a map, a mile bemg the 
umt, by means of a geometneal construction find the co-ordmates of the source 
of the noise Take the speed of sound as 1,100 ft sec 

19 From Fig 197 we see that sound waves from a can reach the ear by two 
separate paths When one path is 16 cm. longer than the other no sound is 
heard When it is 32 cm longer a soimd can be heard, and when 48 cm longer 
no sound, and so on Takmg the velocity of sound to be 33,200 cm per second, 
what IS the frequency of the whistle? 

20 As an engme, blowmg its whistle, passes a stauon, the pitch of 
the whistle appears to a man on the platform to drop a mmor third, 1 e to 
, ths of Its apparent frequency before passmg How fast is the tram gomg? 
Take the speed of sound as 1,100 ft sec 

21 If the greatest mterval between successive eclipses of Jupiter’s second 
moon IS 42 hours 28 mmutes 6b seconds, and the least mterval is 42 hours 
28 mmutes 28 seconds, determme the speed of hght (miles per second), given 
that the radius of tlie earth’s orbit is 92 7 x 10^ miles 

22 Usmg Fig 202 to determme the velocity of light, find the angular 
velocity m radians per second of the wheel for the third and fourth disappear- 
ance of the image, when the distance from C to B is 10 km and the wheel has 
720 teeth 

23, Usmg the same figure, let the distance from C to B be 15 km and the 
wheel have 600 teeth Given the speed of light = 3 0 x 10^^ cm per second, 
how many revolutions m a second must the toothed wheel make so that hght 
passmg through a gap on one journey is stopped by the next tooth on tlae 
return journey? 

24 A beam of hght on a revolvmg nurror is reflected by it and travels a 
distance of 750 metres to a mirror, which reflects the beam back along its 
path The beam is then reflected agam by the revolvmg mirror, and is found 
to make an angle of one mmute with its original path What is the angular 
velocity of the revolvmg nurror m revolutions per second? 

SELECTED REFERENCES FOR PART I 

As mtroductory text books on the subject matter of Chapters III, V, and VI 
the foUowmg are specially recommended 

Jeans* Mechames 
Houstoun’s Intermediate Physics 
Hadley’s Everyday Physics 

# 

and for more advanced readmg on the subject matter of Chapter IV 

Smart’ l Spherical Astronomy 
Ball’s Spherical Astronomy^ 



352 Science for the Citizen 

The following are useful sources for material m conneiaon with the social 
background of Part I • 

ANTHlAUMEi l’abbe VEvolution €t V Ensetgnement de la Science Nauttque en 
France (Pans Dumont ) 1920 

ANTHiAUMEj l’abb^ Uhlstcnre de la Science Natmque antdneurement d la 
Decouverte du Nouveau Monde (Le Havre) 1913 
BENSAUDEj JOAQUIM L'Astronomte Nauttque au Portugal a VEpoque des Grandes 
Decouvertes (Bern, Akademische Buchhandlung von Max Drechsel ) 1912 
BRUNET, P Histoire des Sciences, Antiquite (Pans Payot ) 1935 
BURGEL, BRUNO H Aus Femen Welten (Berlin Verlag Ullstem ) 1920 
DOBELI , c Lin ORD Antony van Leeuwenhoek and His Little Animals (Bale ) 1 932. 
PLRRAND, GABRIEL Introduction d F Astronomic Nauttque Arabe (Pans Paul 
Gcuthner ) 1928 

GALILEO GALiiLi Dialogues Concerning Two New Sciences (New York The 
Macmillan Co ) 1914 

HAKLUYT, RICHARD The Principal Navigations, Voyages, Traffiques and Dis^ 
coveries of the English Nation (Text of 1589 ) (Dent ) 1928 
HART, IVOR B The Mechanical Investigations of Leonardo da Vinci (Chapman 
and Hall ) 1925 

HEATH, SIR T Aristarchus of Samos (S P C K ) 1921 

HOOKE, ROBERT The Diary of Robert Hooke Editd by H W Robinson and 
W Adams (Taylor and Francis ) 1936 
HOOKE, s H New Year's Day (Ger^d Howe) 1927 
HUXLEY, T H , AND GREGORY, RICHARD Physiography (Macmillan ) 1924 
LOCK YER, SIR j NORMAN The Dawn of Astronomy (Cassell ) 1894 
MARGULT, F Histoire de la longitude d la mer au XV IIP siecle en France 
(Pans, Chalomell ) 1917 

ML YER, E Geschichte des Alter turns (Stuttgart and Berlin J G Cotta ) 1928 
MEYER, E Die altere Chronologic Babyloniens, Assynens und Aegyptiens (Stuttgart 
and Berlin J G Cotta) 1926 

MORLEY, s G Introduction to the Study of Maya Hieroglyphs (Bureau of Am 
Lthnol Bull 67) 1915 

NLUBURGLR, ALBERT The Technical Arts and Sciences of the Ancients 
(Methuen ) 1930 

NEUGEBAUER, o Vorgncschischc Aiathematik, Bd I (Bd XLIII of **Die 
Grundlehrcn der mathematischen Wissenchaften m Einzeldarstel- 
lungen,*' edit by R Courant) (Berlin Juhus Sprmger ) 1934 
NILSSON, MARTIN P Primitive Time Reckoning (Lund Sweden C W K 
Glccrup ) 1920 

PARSONS, L M Everyday Science (Macmillan) 1929 
PETRIE, SIR FLINDERS History of Egypt, vol 1 (Methuen ) 1923 
REINHARDT, K Poscidomus (Mumch Beck) 1921 
REINHARDT, K Kosmos und Sympathie (Mumch Beck ) 1 925 
REY, ABiL La Science Oriental Avant les Grecs (Pans La Renaissance du 
Livre ) 1930 

RUSSELL, DUGAN, AND STEWART Astrotiomy (2 vols) (Ginn) 
saiMiDT, w (edit ) Hero Alexandnnus Bibliothec script Grace Rom 
(Teubner ) 1899 

SMITH, DAVID EUGENE History of Mathematics (2 vols) (Boston Gmn ) 1923 
SNYDER, CARL The World Machine (Longmans) 1907 

SPRAT, THOMAS The History of the Royal Society of LondoA>for the Improving of 
Na t lira I Knowledge (London ) 1722. 



The Sailor’s World View 353 

TAYLOR, E G R “Jcan Rotz His Neglected Treatise on Nautical Science,” 
The Geographical Journal^ May 1929 

TAYLOR, E G R “A Sixteenth-Century MS Navigating Manual in the Society’s 
Library,” The Geographical Journal^ October 1911 
TAYLOR, E G R Tudor Geography ^ 1485-1 fj S3 (Methuen) 1930 
THOMPSON, j E The Civilisation of the Mayas (Field Museum, Chicago, 
Anthrop Handbook 25) 1927 

THOMPSON, J E ^ Correlation of Maya and European Calendars (Field 
Museum, Chicago, Anthrop Senes vol 17,1)1027 
THORNDIKE, LYNN History of Magic and Experimental Science (2 vols ) 
(Macmillan ) 1 934 

THULIN, c Corpus Agrim Rom vol i, 1911 
TURNER, D M The Book of Scientific Discovery (Harrap ) 1933 
WARD, F A B Time Measurement Parti Historical Review Handbooks ot the 
Science Museum (Stat Office) 1930 
WILDE, E Geschichte der Optik Berlin 1813 

WOLF, A A History of Science^ Philosophy and Technology in the Sixteenth and 
Seventeenth Centuries (George Allen & Unwin ) 1 9 35 
WRIGHT, j K Notes on the Knowledge of Latitude and Longitude in the Middle 
w Ages (Isis vol V, pt 1, Brussels ) 1023 
WRIGHT, J K The Geographical Lore of the Time of the Crusades (American 
Geog Soc ) 1925 


M 




PART II 

The Conquest of Substitutes 


But the mortallest enemy unto knowledge, and that which hath 
done the greatest execution upon truth, hath been a peremptory 
adhesion unto authority, and more especially, the establishmg 
of our belief upon the dictates of antiquity For (as every capacity 
may observe) most men, of ages present, so superstitiously do 
look upon ages past, that the authorities of the one exceed the 
reasons of the other Whose persons mdeed far removed from 
our times, their works, which seldom with us pass uncontrolled, 
either by contemporaries, or immediate successors, are now 
become out of the distance of envies, and, the farther removed 
from present times, are conceived to approach the nearer unto 
truth itself JsTow hereby methinks we mamfesily delude our- 
selves, and widely walk out of the track of truth — Sir Thomas 
Browne’s Pseudodoxia Epidemica 




CHAPTER VII 


THE THIRD STATE OF MATTER 

The Freeborn Miner 

One characteristic which specially distinguishes human bemgs from other 
animals is then: power to change the nature of their environment By selecting 
other orgamsms for their associates and collectmg diiferent sorts of lifeless 
matter from their surroundmgs, they provide themselves with the means 
of food, of shelter, of locomotion, and of adornment Mankind has thus 
risen superior to the barriers of climate and situation limiting the distribution 
of other hvmg creatures In estabhshmg himself as a species with a world- 
wide distribution, man’s power to change his environment is circumscribed 
by two facts A comparatively small number of plants and ammals are suit- 
able for culuvauon or domestication, and a comparatively small number of 
substances which are found m nature are directly suitable for fabncaung 
articles of use or amusement Orgamsms and their products smtable to human 
requirements of one or the other sort — myrrh and cedarwood, silk and 
pearls — had a very limited distribution m the ancient world So likewise had 
the metals which man learned to treasure first, and later to work In the ages 
of scarcity, when the trade routes were of fundamental importance to the 
diffusion of culture, man had to discover how to find his way about a world 
m which the basic means of human satisfaction were sparse Until the end 
of the eighteenth century of our era man’s greatest intellectual achievements 
were associated with the survey of a world m which the good dungs of life 
were very unequally distributed 

The story of how man learned to find his way about the world has been 
told m the precedmg chapters This stage in the growth of man’s under- 
standmg of the umverse reached a climax m the three centuries which 
witnessed the openmg up of the resources of two new continents to European 
civilization By the end of the eighteenth century the habitable world had 
been explored with the aid of the sextant and telescope, the theodolite and 
chronometer An mventory of man’s resources for contmumg a mode of 
hvmg which had changed very htde smce the construcaon of the Pyramids 
had been accomphshed So at this pomt we may fittmgly take leave of the 
story of man’s conquest of ume reckomng and earth measurement When 
the mneteenth century dawned progress in the knowledge of nature had 
assumed a different aspect The ages of scarcity were drawmg to a close 
Space and Time were makmg way for the study of Matter, Power, and Health 

If we consider the variety of substances available for human use and the 
resources of power which can now replace human effort, the gap separating 
us from the seventeenth century of our own era is far greater than that 
which separates the seventeenth century of the present era from the Mediter- 
ranean world of 1100 B c In the long period which intervened there had 
been no radical additions to knowledge of the use of matenals, nor any 
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radical improvement m mechanical substitutes for human labour The 
knowledge of metals^ of glass makmg, of pottery, of weaving, of dyemg, of 
brewmg, of irrigation, of enamels, and of cosmetics, had scarcely surpassed 
the achievements of the early civihzations in the Mediterranean The plough, 
the wind sail, and the water-wheel, were older than the banging gardens of 
Babylon The best silks were still the silks of Old Cathay What material 
progress had occurred in the world as a whole was httle more than a process 
of give and take There had been no unportant new mventions, nor new 
industries, other than those to which reference has been made already 
That IS to say, gunpowder, prmtmg, spectacles, and mechanical clocks 

Our task will now be to trace the story of man’s conquest of materials, and 
to indicate the social prospect which it unfolds What we call the science of 
chemistry today is made up of rules for makmg and recognizmg the presence 
of substances which have very definite physical properties, such as density, 
colour, crystalline form, melting and boiling points, odour, texture, and so 
forth So in textbooks of chemistry it is customary to begm with the defimtion 
of a pure substance Perhaps it is better not to do so There is no way of 
capturing the meaning of a pure substance m a simple sentence Any defin- 
lUon which we attempt to frame registers the stage we have reached m dis- 
covering reliable recij^es for making thmgs Primitive man collected materials 
from rocks and springs, from ammal tissues and plant juices, and used them 
to make metals, pigments and fabrics, perfumes, dyes, and medicines His 
success and the quality of his products depended on local peculianaes of 
the minerals, or on local species of plants and amraals All the early mdustries 
of civilization had the same /oca/ character Sand was mixed with hme or 
potashes and various minerals found here and there The quality of the glass 
of a particular locahty became famous The secretion of a Mediterranean 
sea-slug furnished the Tyrian purple of Phoenician trade It was nobody’s 
business to know why the glass of a particular place was better, or to make 
the dye whicli the sea-slug excreted Man took the fruits of nature as they 
came What science he had was mainly used to get to the places where they 
were to be found 

In the new phase on which we are now entering the reverse is true Every 
advance of science makes man less dependent on local materials We know 
the n ifure of the dyes and drugs which were once obtamed exclusively from 
ammals and plants, and we manufacture them from substances like coal, 
which are more widely distributed If we cared to do so, we could make 
them from substances w hich are umversally distnbuted We no longer depend 
on the manure dumps of India for the nitrates used for makmg gunpowder 
in medieval ames, nor on the natural deposits of Chile for the mtrates which 
were introduced for use as fertilizers m the mneteenth century Nitrates can 
be made from the mtrogen ol the air and the common salt of the ocean For 
metals of great hardness and strength wc are no longer dependent on local 
ores know innumerable ways of making alloys Alummium, which is the 
most abundant and universally distributed of all the metals m the superficial 
layers of the earth’s crust, is already beginning to displace the use of the 
heavier metals which nauons have struggled to monopohle m the past 

Aside from structural materials, among which wood, clay, stone, and sand 
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snll predominate, the basic ingredients of modern industry are of a totally 
different kmd from those used m the time of Newton Modern chemistry 
recognizes more than a quarter of a million distmct substances Hundreds 
arc bemg discovered yearly, and an enormous number are already employed 
m makmg articles of everyday use Three hundred years ago chemical 
industry as we now know it did not exist Crude lime, made by cooking 
chalk and limestone in kilns, was sold for making cement and glass, or for 
curmg leather Incmerated charcoal or “potashes’’ nch m alkaline potassium 
carbonate from the forests of central and eastern Europe was imported into 
Bntam for cleaning wool fibres and makmg soap, prepared by boiling the 
solution with lard or mutton fat Crude alum from the Isle of Wight was 
employed m prepanng cloth for dyeing At most a dozen vegetable juices m 
place of the many hundreds of modern synthetic pigments were m everyday 
use Salt sold for preservmg meat owed its chief commeraal use to its prmcipal 
impurity — the hygroscopic magnesium chloride, which is removed from the 
best table salt of today All the pure metals then known — gold, silver, copper, 
tm, iron, lead, zinc, mercury, and antimony — had been worked m the ancient 
world, and were prepared from their ores by the same processes Mineral 
pigments like the vermilion cinnabar (mercury sulphide) and green malachite 
(copper carbonate), or cosmetics bke galena (lead sulphide), were probably 
used less m sixteenth-century England than m ancient Egypt More 
medicinal chemicals were recognized, but these had not become important 
articles of commerce Jewels, which owe their special characteristics to crystal 
form, one of the fundamental entena of a pure substance m the modern 
sense, represented almost the only articles of commerce which the chemist 
of today would recogmze as such 

To be sure, it would be an exaggeration to say that there was no science of 
chemistry before the nineteenth century, or that no progress was made in 
Its study between the age of Archimedes and the age of Newton No sharp 
line can be drawn between organized scientific knowledge and mere nile-of- 
thumb methods of recognizmg the characteristics of nature The latter 
must always precede the former, and the former grows out of the latter Whar 
can be truthfully said is that there was no substantial improvement m the 
actual technique of preparing materials of reliable quality, that is to say 
making “pure” substances, between the fall of the Alexandrian civilization 
and the middle of the seventeenth century of our era No substantial improve- 
ment in processes of prepanng, detecting, and assaying metals were made in 
the first sixteen centuries of the present era, and if Arab medicine had added 
a number of new substances to the list of those previously known, it had 
done httle to clarify any general rules for makmg them 

The search for pure substances was mainly prompted by three principal 
requirements of everyday hfe in civilized commumties — metals, munitions 
(pp 406-8), and medicines The enormous influence of the latter may seem 
strange when we reflect upon the scope of reliable medical knowledge as late 
as the time of Jenner Still, it would be a mistake to regard primitive medi- 
cine as mere superstition One of the commonest complaints of everyday life 
is consupauon, and the possibihty of relievmg it by the use of vanous 
reagents was a discovery of great antiquity The purgative calomel (a 
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chloride of mercury) was known to the Egyptians; and if the achievements of 
the physician were less conspicuous in other fields, the gratitude of their 
fellows for the use of aperients and purgatives is amply illustrated by the 
lyrical flourish with which discoveries of new ones were announced As late 
as A D 1648 Glauber could proclaim the addition of sodium sulphate to the 
pharmacopoeia with a tract entitled Miraculo Mundt^ and Glauber's salt 
enjoyed the sobriquet sal mirabile A little later Nehemiah Grew described 
the uses of Epsom salts (magnesium sulphate) with the evangelical fervour 
of an all too familiar advertisement 

From the practice of minmg, ancient chemistry had learned the processes 
now called oxidation and reduction The history of man’s earhest attempts to 
extract metals from their ores is still largely speculauve Both gold and silver 
occur as metals m nature, and both could be shaped with the stone hammers 
which primitive man possessed Native gold and native silver were treasured 
before the dawn of aty life, and were first used for makmg simple ornaments 
Metaihc copper also exists m the regions where avilizaaon began, and native 
copper seems to have been the source of the first hammered copper instru- 
ments These arc found along with chisels and adzes of gold, silver, and 
electrum (a silver-gold alloy), in the recent excavations at Ur Little progress 
in the use of metals could be made when only gold and silver were known 
Though native copper is soft, it is hardened by hammenng Rickard {Man 
and Metals, Vol I) says 

As soon as primitive imn began to shape lus finds of copper he must have 
observed this important fact, which was decisive in making the metal more 
serviceable for the fabrication of instruments At once the red stone became more 
useful than the yellow . The use of native copper marks the beginnings of 
every ancient metal culture Perhaps two millenma separated the first use 

of hammered copper from the beginning of true metal culture, when copper 
was smelted from its ores and cast in a mould 

Elliott Smith has put forward reasons to support a plausible hypothesis 
to account for this momentous discovery The green copper carbonate called 
malachite is readily converted by a dull red heat into copper oxide, which is 
reduced to the metal itself when roasted with charcoal Over a long period of 
pre-history there is ample evidence that mankind used powdered malachite 
as a pigment In pre-dynastic Egypt it was used for facial adornment When- 
ever debns contammg malachite was dropped among the embers of a charcoal 
fire, spangles of metallic copper would be formed We may well suppose that 
this was not a very rare occurrence The use of bronze (a copper-tm alloy) 
came much later — about 1500 b c , and its discovery was probably due to 
the fact that ores of copper and tin often occur side by side Though iron 
occurs with great rarity as a truly indigenous metal apart from its ores, the 
Jovian thunderbolt had familiarized man with it from early times Fragments 
of meteonc iron are found with human remams long before the age of iron 
mstruments began — about 1200 b c , and modem Esquimaux have been 
observed to make kmves by msertmg flakes of meteoric iron m grooved stnps 
of walrus bone Several common pigments, the ochres such as haematite, are 
nch m iron So the discovery of smelung iron from its olres may have been 
made by analogy with the pre-existmg techmquc for extractmg copper 
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Primitive metallurgy began with the reduction of the class of ores now called 
metalhc carbonates or oxides, i c by heatmg them with charcoal in a closed 
space This was all that was necessary for preparing the tm used m making 
bronze from its common ores Many of the common ores are what we now 
know to be sidphtdes^ i c combmations of a metal with the element sulphur 
The next step m the progress of metallurgy was probably the discovery that 
some of the “sulphureous” ores, like those of lead, copper, iron, zinc, silver, 
and mercury, can be reduced if previously heated m air, or as we now say, if 
they are first "^oxidized ” The discovery that the process is facihtated by keep- 
ing the air m motion probably led to the invention of the bellows and the first 
crude blast furnaces for oxidizmg the more recalcitrant sulphureous ores like 
pyrites (iron sulphide) Natural ores are always mixed with fragments of 
sand, which is mainly composed of the same substance (sihca or sihcon 
oxide) as quartz The trick of heating tlie ore with some “flux” such as lime, 
to make it readily form a molten mass, may have been gleaned from the 
discovery of glass, or it may have led to it 

These processes were practised more than three thousand years ago, and 
their nature remained an enigma all the end of the eighteenth century The 
craft of the goldsmith and the silversmith offered great opportunities for 
chicanery, as a famihar legend about Archimedes remmds us The artificers 
of Alexandria were apparently familiar with various devices for detecting and 
manufacturing fraudulent articles by dissolving metals in acids and reprecipi- 
tatmg them from their salts According to a legend current in the alchemical 
works of the Middle Ages, Diocleuan ordered the suppression of all the 
Alexandrian books on the art of chemistry for fear that tlic artificers would 
enrich themselves exorbitantly An unduly sangume mterpretation of their 
achievements led to a futile search for the supposedly lost secret of trans- 
mutmg lead into gold Slowly Europe recovered the real secrets of Alexandrian 
chemistry, without recogmzmg them as such 

The techmque of preparing pure chemicals for medicinal use owes much 
to the very ancient mdustry of brewmg The formation of tartaric acid 
crystals m wme vats was already known to the Egypaans This was possibly 
the ongm of the preparauon of pure substances by allowmg them to crystallize 
out by coolmg, and dso of the pracQce of recogmzmg them by their crystallme 
form Most important of all devices for separatmg substances with mdividual 
characteristics was the process of distillation^ which is used m the preparation 
of alcohohe hquors The retort had already become an important instrument 
of medical research m Alexandria In the hands of the Arabs, to whom we 
owe the word alcohol^ it became the means of adding many new members 
to the known list of chemical species The Moorish physicians made some 
advance towards classifymg the nature of Substances They recognized 
soluuons of acids, alkahs, or of salts, according to their effect on vegetable 
dyes, used m the preparation of fabrics One of the dyes which was formerly 
used m this way is the familiar “htmus,” which turns red when dipped m 
a mmeifal acid, or blue if dipped m the soluaon of an alkah (i e like 

sodium hydroxide and quicklime, or “carbonates” of sodium^nd potassium) 
The Arab chemists^ gave recipes for makmg the three chief mmeral acids 
(mtric, sulphuric, and hydrochloric) of modern commerce by dis tillin g off 
the vapours formed when various salts arc heated 



^62 


Science for the Citizen 


ne vatarc of like the nature of reduction and oxidation, 

remained an enigma In the processes of the laboratory substances seemingly 
disappeared on heating They became spirits^ and the art of chemistry 
was to make these spirits materialize. The spirits of the retort, which sail 
remain in our vocabidary as spirits of wine, spirits df salt, and the like, are now 
recogmzerf to be a third state of matter In the ancient world wbat we now 
call gases and vapours were not recognized as a form of matter, and it was 
utterly impossible to see any common thread running through the famihar 
processes of distillation m medicine and reducuon or oxidauon m metallurgy 
Although Greek materialism had proclaimed the robust doctrme on which 
modern chemistry rests, neither the experience of the physician nor the art 
of the metalworker seemed to support the belief that matter is indestructible 
'1 he ancient world recognized two classes of things which could be weighed 



According lo ihc ancient coiucpiu^n of chcmic il processes the fire of the furnace 
dissolved the matter contained in the retort into its eartli> constituent and the “spirits” 
u'hich esc iped That the spirits, or as \\c nov^ sa> ga^e:^^ had weight was not recognized 

with scales — solids and liquids Aristotle’s physics had rejected the possi- 
bility that air could have weight 

Betoic the middle of the sixteenth century there was no clear evidence 
that air is a form of matter in this sense, nor was there the least apprehension 
ol the fact that innumerable forms of matter exist like air m the gaseous 
state So the distinction which wc now draw oetween the two classes of pure 
substances called elements and compounds completely eluded the science 
of antiquils W’hatwas neither liquid nor solid was spirit The discovery that 
air has weight, separating the theor\ of chemistry today from the practice 
of chemistry till the time of Galileo, Hooke, and Boyle, is one of the great 
dichotomies m tlie history of human knowledge Cucumstances of everyday 
hie contributed m various ways to this discovery, which revolutionized man’s 
command over the use of matenals In the great age of the sailmg ship men 
of science were beginning to measure forces as matter in moUon This raised 
the question, Ig"the force of the wind also a mamfestation of matter m motion^ 
Galileo’s experiments on the w^ay m which heavy bodies ^ prompted enquiry 
into the material nature of air for another and far more important reason,. 
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related to the immediate soaal context of his researches m a different way 
Laboratory expenence showed that heavy bodies gam speed at the same 
fixed rate when fallmg through air This seems (see p 366) to be m flat 
contradiction to expenence of everyday hfe We shall now see how Gahleo 
resolved the paradox, and how his pupils and successors proved the truth of 
his solution 

The source from which Galileo got his clue made the study of air and its 
characteristics an issue of momentous importance about the same time, and it 
was of speaal significance m Bntain, where the revival of the teachmgs of the 
Greek atomists was received by men of saence with enthusiasm Extensive 
development of deep-shaft mimng took place m the sixteenth and seventeenth 
centuries owmg, among other thmgs, to the wastage of iron in u arfare after 
the introduction of artillery Speaking of the change m Bntam in a recent 
memoir {Leon Hist Rev , 1034), Nef remarks 

Though the output of tin, unlike other metallic ores, was not mcreasmg, 
even in tin mines technical problems assumed an entirely new importance, 
because the more easily accessible supplier of ore had been largely exhausted 
in the Middle Ages Durmg the reigns of Elizabeth and her two Stuart successors 
money was poured out lavishly m the construction of hundreds of adits and 
ventilation shafts and of hundreds of drainage engines driven by water 
The high cost of fuel began to check the expansion of the output of iron before 
the end of Elizabetli’s reign Durmg the reigns of Elizabeth, Charles I, 

and James I, coal was successfully substituted for wood fuel in calcimng ores 
and in nearly all finishing processes 

The mere techmque of deep-shaft mimng was not a new development m 
human industry Neuberger’s book The Technical Art and Sciences of the 
Anaents tells us 

Minmg was at different stages of advancement among the various ancient 
peoples It was particularly developed among the Egyptians, who probably 
opened up copper mmes on the pemnsula of Sinai as early as the third millen- 
mum B c Besides these the vast quarries of Turra near Cairo have also been 
preserved, they prove to us that at that very early date open workmg had 
been given up in favour of shafts The ancient Egyptians were thus not satisfied 
with merely removing the stones m the hill from the outside, but penetrated 
far into the mtenor Wells of the same period, for example, Joseph’s well at 
Cairo, descend up to 300 feet vertically mto the earth In view of the fact that 
these shafts were constructed about 2500 b c , it can hardly be doubted that 
similar ones were also dug out for mimng purposes in some cases The high 
standard of mining construction attamed by the Egyptians is rivalled by the 
Indians and the Chmese, who likewise sank pits about five thousand years ago 

Though the technique was not essentially new, there was an important 
difference between the conditions of deep-shaft minmg m the seventeenth 
century and the practice of more ancient times Mining m antiquity was made 
possible by abundant supphes of slave labour, which was used with what 
now seems to be almost an incredibly reckless disregard for human life 
Neuberger goes on to state * 

* See also A Zufcnem, The Greek Commonwealth^ and B Farrington, Diodorus 
Siculus (Umv Wales Press). 
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There were no precautions against accidents The galleries were not propped 
up, and therefore often collapsed, burying workmen beneath them In ancient 
mines many skeletons have been found of slaves who had lost their lives in 
this way while at work Nor were attempts made to replenish the supply of 
air or to take other steps for preserving health When the air m the mines became 
so hot and foul that breathing was rendered impossible the place was abandoned 
and an attack was made at some other point These conditions must have 
become still more trying wherever, m addition to the mallet and chisel, the only 
other means of detaching the stone was applied, namely fire The mmeral- 
bearmg stone was heated and water was then poured over it There was no 
outlet for the resultmg smoke and vapours This method of constructmg 
tunnels and galleries is described by Phny somewhat as follows “Tunnels are 
bored into the mountains and carefully explored These tunnels are called 
‘arrugjae,’ little ways or little streets They often collapse and bury many 
workers When hard minerals occur one seeks to blast them with fire and 
vinegar As the resultmg steam and smoke often fill the tunnels, the workmen 
prefer to split the rock mto pieces of 150 lb or more, and for this purpose they 
use iron wedges and hammers These pieces are removed from the galleries 
that have been hewn out, so that an open cavern is formed So many of these 
caverns or hollows are made adjacent to each other m the mountam that finally 
they collapse with a loud noise, and so the mmeral m the mterior becomes 
exposed Often the eagerly sought gold vem fails to appear, and the long- 
sustained and arduous work which had often cost many human lives has been 
in vain ” The miner of ancient times was nearly always either a slave 
or 1 crimmal This explams why the means used remamed unchanged for thou- 
sands of years 7 he purpose of maclunes is to economize labour or time It 
was not considered necessary to make the work easier for the slave, whose 
hard lot inspired no sympadiy, although it kept him to the end of his days 
buried m the gloomy depths of the earth, suffermg all sorts of torments and 
privations There was mostly a superabundance of slaves After campaigns there 
were usually so many that great numbers of them were massacred So there was 
no dearth ot labour Time was as yet but littie valued And so it happened that 
m almost all the mines of the ancients only the simplest means were adopted 
In the copper mines of Rio Tinto and Tharsis in the Spamsh province 
ot Huelva, which were worked by the Romans and the Carthaginians, the 
method of working was so simple that the slaves m the mines had to scratch 
oil widi tlicir fingers the clay which covered the ore The clay winch is found 
nowadays in ancient mines still bears the impress of thousands of fingers 

Quite otherwise were the social foundations of the mimng mdustry when 
civilization spread to northern hurope Surface work on tm m Cornwall 
and Devon probably continued from the Bronze Age to early medieval times 
on an essentially tribal basis According to Lewis {The Stannaries) the tin 
workers of twelfth-century England were associauons of free men In time 
these profit-sharmg syndicates became transformed into share-owmng com- 
pames, employing wage earners Even so, labour was still scarce, and pene- 
tration to deeper levels m a humid climate was accompamed by constant 
fioodmg Coal-mmmg, which encountered further difficulties on its own 
account, was a new mdustnal enterprise Concemmg the condition^ of the 
medieval coal nuner, Nef (The Rise of the British Coal Industry) says 

The modern organization of the coal mdustry, mvolfing as it does the 
employment of a large industrial proletanat by absentee capitalists, mi^es it 
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easy to assume that the mmer has always been a wage earner When a labour 
leader m our day refers to the mmers as the aristocrats of the labour move- 
ment what he almost certainly has not m mmd, though it might well 
appeal to his audiences, is the position of the mmers m the Middle Ages In 
medieval England labourers m the metal mmes were often granted special 
privileges and immumties of a kmd rarely enjoyed by other manual workers 
. Feudal lords m some cases turned over their nunerals m return for a 
share of the output, to small autonomous associations of workmg mmers In 
coal mimng “many pits were worked by ^assoaattom charbomeres ’ ” 

Nef hmts that coal, like gunpowder, paper, and (probably) the magnet, is 
possibly part of our cultural debt to Chmese civilization The Clunese appar- 
ently knew Its use before the Chnstian era, and Marco Polo menuons the 
strange practice of the natives who burned for fuel “black stone dug 
out of mountams where it runs m vems ” In western avilization its use does 
not seem to have been known before about 1200, at which date a Liege 
chromcler refers to a “black earth very similar to charcoal” used by smiths 
and metal workers Though export from Newcastle is recorded in tlie four- 
teenth century, coal was httle used before the beginning of the sixteenth 
century, and then mainly from outcrops By 1597 it was “one prmcipall 
commoitie of this realme ” By 1661 we are told that a “helhsh and dismall 
cloud of Sea-Coale hangs perpetually over London ” Mme-owners could 
no longer afford to throw away life with the recklessness of the Mediterranean 
slave-owmng civilizations How air becomes unfit for human bemgs to 
breathe, why some air is mflammable and why explosions occur, were 
questions which demanded an answer, and engaged the attention of the best 
brams Franas Bacon, generally more ready with advice than with remedy, 
proposed a scheme for raismg water from “drown’d mmeral works ” Pumps 
were bemg mtroduced to dnve fresh air mto the tunnels as well as to draw 
water out of them. The wmd was no longer blowmg whither it hsteth When 
we know how to control anything, we cease to regard it as spmtual 

This aspect of the soaal background of saenufic discovenes which led to 
the nse of modem chemistry is discussed by Nef {The Rise of the British Coal 
Industry) m the foUowmg atation 

Boyle’s interest in experiments of this nature, and the constant discussion 
of the Royal Society concerning the means of increasing the output of various 
commodities, or of heightening the efficiency of different technical processes, 
show a trend of the utmost importance These “natural philosophers” of the 
English Restoration were economists as well as scientists, and, beside their 
old religion, which they resolved should not stand m the way of their achieve- 
ments, they had begun to erect a new religion — the religion of production It 
was one of Boyle’s principal propositions, to which he reverted again and 
again, “that the Goods of Mankind may be much increased by the Naturalist’s 
Insight into Trades ” There is a clear relation between the appearance 
of the extremely influential British school of “natural philosophers,” and the 
growth pf the British coal industiy The proceedings of the Royal Society for 
the first thirty or forty years following the grant of its charter in 1 600 , are full 
of discussions which have a bearing, often direct and perhaps even more 
frequently indirect, <pon problems connected with mineralogy, with the mining 
and the use of coal Colliery owners like Lowther, who was a member, or 
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Sir Roger Mostyn, who was not, send in accounts of explosions or of new 
methods of finding coal Local naturalists send m samples of mineral fuel, or 
of strata resembling it, to Jbe analysed and examined Sir Robert Southwell 
reads a paper on the advantages of diggmg canals to supply London with 
cheaper coal Boyle conducts experiments m order to determmc the diiference 
between coal and wood The members meet to consider the projects on foot 
for smeltmg with coal They puzzle over the causes for the strange fires which 
occur in the coal scams Soon after the incorporation of the Royal Society 
the King signified his pleasure that no patent should be granted for any “philo- 
soplucal or mechanical invention,” until it had been approved by the Society 
And the problem of invention m the seventeenth century was to a considerable 
degree directly related to coal ‘‘Through necessitie, which is the mother of 
all artes,” wrote Howe, in 1631, “they have of very late yeercs devised the 
making of iron, the makmg of all sorts of glassc, and the burmng of bricke, 
with sea coal or pitcoale ” In this case the necessity was the substitution of coal 
for wood, m other cases it was the more adequate drainage of the mines, or 
the cheaper carnage of fuel over ground (pp 263-4) 

THF MECHANICS OF FLUIDS 

Galileo’s expenraents on the way in which bodies fall overturned Anstotle’s 
docirme without providing any alternauve explanation of the famihar experi- 
ences which seem to support it Our everyday experience of fallmg bodies 
— of leaves blown trom a tree, or tiles fallmg from a roof— suggests that the 
rate at which bodies fall depends chiefly on their density or relative “heavi- 
ness ” Galileo’s experiments showed that this is not true about comparatively 
heavy bodies ot cximpact shape falling through air To resolve the paradox 
experience of everyday htc suggests that we have to reckon with other cir- 
cumstances aflectmg the motion of falling bodies Bodies fall under their own 
weight through hqmds Wc all know that a penny falls faster m water than m 
treacle, just as it falls faster in air than m water We all know, too, that some 
bodies fall upwards, 1 e floaty while others fall downwards, 1 e smky in a 
liquid, and tliat bodies hke a piece of tin which will sink m water may float 
on a heavier fluid like mercury In other words, we have to take into account 
two facts which Aristotle rejected One is that air has weight The other is that 
like other weighty things it has inertia, i e it objeas to bemg pushed to make 
way for falling bodies (p 375) Gahleo’s soluuon of the paradox was that if 
sohd bodies are immensely heavy compared with air, the effea of the air on 
the rate at which they fall must be neghgible So a croquet ball as large as a 
cannon ball gathers speed at nearly the same rate On the other hand, a toy 
balloon as large as a cannon ball is mostly air Its density is not very much 
greater than air itself So it falls more slowly 

Aiexandnan saence had already supplied the clue, without recognizing its 
wnrth One good reason why Alexandrian saence failed to take the step which 
w'ould have made chemistry an exaa science is suggested by the fact which 
led Galileo to conclude that the weight of air raises water in the same way as 
the weight of mercury (I ig 230) does Gahleo knew what the rmiiers of his 
ume knew lo their cost, smec it compelled them to raise water by relays of 
pumps and astems (Fig 21S) The Greek word for vulgarity was fiavavoia, 
which also meant handicraft, especially smithy work It came from jSauvo?, a 
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Fig 218 

(From Professor Wolf’s History of Science, Technology and Philosophy in the 
XVIth and XVIIth Centuries) 

This illustrauon from the Agncola Treatise shows pumps used m relays because 
the weight of the air is only sufficient to raise water about 3 1 feet In Galileo’s tune it 
was respectable to know what every miner knew The Greek materialists who taught 
that air has weight probably based their conclusion on the same experience of everyday 
hfe in mining areas Aristotle, who despised manual work and advocated slavery for 
gertmg it done, devoted himself to refuting the materialist doctrme His predilection 
for slavery helped terstop chemistrv from further advance for about two thousand 
years 
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forge Perhaps Anstoile himself would have known that water cannot be 
lifted more than about 30 feet by a pump, if his intellectual powers had not 
been hampered by contempt for work which could be carried out by slaves 
Those who accepted the Anstotelian teaching relied on the self-evident 
principle that “nature abhors a vacuum” to account for the way a pump 
works As Galileo sceptically remarked, they could offer no reason why this 
abhorrence stopped short suddenly at a height of 30 feet from the ground 

In Galileo’s Dialogues concerning Two New Sciences the followmg passage 
explicitly refers to the way m which everyday expenence of the world’s work 
compelled attention to the weight of the air 

Thanks to this discussion, I have learned the cause of a certam effect which 
I have long wondered at and despaired of understandmg I once saw a cistern 
which had been provided with a pump under the mistaken impression that the 
water might thus be drawn with less effort or m greater quantity than by 
means of the ordmary bucket The stock of the pump carried its sucker and 
valve m the upper part so that the water was lifted by attraction and not by a 
push as is the case with pumps in which the sucker is placed lower down This 
pump worked perfectly so long as the water m the cistern stood above a certain 
level, but below this level the pump failed to work When I first noticed this 
phenomenon I thought the machine was out of order, but the workman whom 
I called in to repair it told me the defect was not in the pump but m the water 
^vhich had fallen too low to be raised through such a height, and he added 
that It was not possible, either by a pump or by any other machine working on 
the principle of attraction, to lift water a hair’s breadth above eighteen cubits, 
whether the pump be large or small, this is the extreme limit of the bft 

We have seen (p 243) that Alexandrian saence had estabhshed what we 
call the fundamental laws of static equihbnum for sohds, that is to say, the 
condiuons which must be satisfied when two or more weights are perfectly 
balanced The advanced development of irrigation in anaent times had also 
borne fruit m the discovery of general prmciples about the equihbnum of 
liquids 1 he basic pnnciple of eqmlibnum for hquids depends on a fact of 
everyday observation If two columns of the same hquid are m direct con- 
nexion and both open to the outside air, they are at rest only when the height 
of each is the same For practical purposes height m this context usually means 
vertical distance above the ground, but if we consider the water of the oceans, 
It is evident that vertical height implies distance from the centre of the earth 
The very old device called the siphon (Fig 219) for emptymg astems depends 
on the same elementary prmaple of fluid equihbnum, which is the basis of 
any rauonal system of water supply for a aty Why the Romans built aque- 
ducts across valleys is still an emgma It may have been through mabihty to 
make strong pipes, or it may have been because much of the available know- 
ledge in ancient avilizauon was wasted through the absence of a S 5 rstem of 
public instniction to diffuse knowledge from one field of human activity to 
another The pnnaples of imganon were fully understood by Archimedes 
m 200 B c , and the feats of hydrauhe engineenng achieved m (i 3 mastic 
Egypt were far supenor to those of the Romans 

If we apply Galileo’s way of measurmg forces to the fdkee which pulls one 
column up and another down till the water “finds its own level,” we can state 
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the prmaple m a way which points to a number of other truths about fluids. 
Fig 220 shows two columns of a fluid contamed m two tubes connected 
by a cross-piece, hence the height Qi) of fluid in each is the same The bore 
of each tube is uniform The areas of cross-section (A and a) are different 
The height Qi) of fluid above any horizontal level in either column is the 
volume per umt area of cross section (/z - -y — a), and the volume is propor- 





rr<s 219 

The principle that a liquid "finds its own level’* implies that a dilference of pressure 
between two columns of liquid, free to move vertically upwards, is communicated 
equally in all directions Thus a tube used to connect two fluid columns of different 
verucal height siphons off the fluid in the higher column till both levels are the same 
Likewise the pressure of the fingers on a punctured rubber ball filled with water forces 
water out of the pores at all angles to the plane of compression 

Uonal to the mass, if the density of both columns is the same So if the height 
IS the same m both columns, the mass per umt area (m a) is the same, and 
the foifce of gravity actmg on umt area (jng — a) is also the same in each 
column at the same level Force per umt area is called pressure So two 
columns are balanced when the pressure at one and the same horizontal level 
IS the same m both The siphon shows that the connexion between the 
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columns may take any path upwards or downwards Hence the Jaw of equili- 
brium for Lds also implies that pressure is commumcated equaUy in all 

This IS the prmciple of the hydrauhe press which has long been used in 




Fk. 220 

I qiuhbrmm between iwu eonneeteJ columns of tlu sqmc fluids it both are free to 
move \eiticill> upwards, is atnmcd when both aie the same vertical height This 
implies that the force on unit area is the same at anv level m each, hence a column of 
large sectional area will support n proportionately larger weight than a column of 
smaller area 1 hus a small forec acting on a column of small sectional area will cause 
a connected column of large sectional area to exert a proportionately larger force in 
the opposite direction 

You will notice also that a large downward displacement of m would be necessary 
to produce a small upward displacement of M As m die lever, the pulley, and other 
machines, work is the product of the naght and the distance through which it moves 

the textile industry If a mass M rests on a float m one limb of area A, 
the pressure of the column below is increased by an amount M — A Equi- 
librium IS restored when a mass m is placed on the flo^t m the other limb 
of sectional area j, provided that }Ag \ ^ mg — a Soa small weight 



The Third State of Matter 371 

applied to a small area will keep up a very large weight resting on a wider 
area m an arrangement like the one shown in Fig 221, 


Upward ihru^i of rean 



SodtionaL area. Sertuonal 


T[(^2d/ 


aiej 

TX(^c/ 


Fig 221 — The Hydraulic Press 


A second principle of equilibrium for fluids known in ancient times is 
sometimes called the Archimedian principle If you have ever tried to raise 
yourself while taking a bath you will have noticed that your body seems 
to be lighter when immersed in water than it is ordmarily The downward 
pullmg power on a body immersed m a hquid is therefore less than it would 
be m air If a weight is immersed m water a smaller weight hanging freely m 
air will balance it 

The difference is equivalent to the weight of the water displaced A mass 
M m descendmg through a fluid is not immersed till it has raised an equivalent 
volume of the liquid (Fig 222) It has to raise a mass zv of liquid equivalent 
to its own volume, as well as the mass w m the scale pan, i c a total mass 
m + zv) If the mass m the scale pan balances it, 


or 


M = m + zv 
zv ~ M — m 


A body therefore loses weight in a hquid by an amount (zvg) equivalent to 
that of the same volume of hquid 

Accordmg to the Galilean me±od of measurmg it, the pull on the descend- 
mg weight is the product of its acceleraaon and its mass It weighs less 
m a hauid because, as we know, it falls more slowly than m air If we call 
its acceleration when it starts* to fall m water a, its pullmg power is Ma This 
pulling power is balanced by a mass m {= }A~ zv) suspended in air If the 

* Remarks on the pirachute m a later paragraph (p 37 5) will explain the need for this 
qualification 
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acceleration of a body falling in air is we have a pulling power Ma balanced 
by a pulling power mg^ i e 

Mti ^ (M — vi)g 



Fig 222 he Pkincipie or Afchimpdfs 


If M IS the mass of the body when weiglicd in air^ m its apparent mass when weighed in 
water, and w the mass of the water displaced, i e ol the equivalent w/wme of hquid> 

M = m + w 

or w ~ M — in 

If V IS the volume of the body (and hence of the water it displaces), its density is 
M VI he density of the Muid to - V f lence the ratio of the density of the body 
to the density of fluid is 

M-V eii-V-M— «; 

The ratio ot the density of a body to that ot witer (its “specific gravity”) is therefore 
Wtiglit in air — (\XYight in air - weight in water) 


Since w and M are masses corresponding to the same volume, they are m the 
some ratio as the densities (ci and D) of the fluid and the descending weight 



Galileo’s way of measuring forces therefore shows us correctly when a 
body floats or sinks If the body is \ery much denser than the fluid, d is very 

• d 

small compared with D, and d D is a very small fraction Hence 1 

will not diilcr very much from unity, and the acceleration a of tlie body 
descending through the fluid will be nearly as great as it would be if* it were 
falling through air It the density of the fluid is nearly as great as that of 

d ^ d 

the body itself, — will be a fraction just less than ututy, ^ ~ g will therefore 
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be small, and a will be small compared with g That is to say, the body will 

fall very slowly If the body is less dense than the fluid, - is greater than 

d ^ 

unity, and 1 — - is a negative quantity That is to say, the body immersed 

m the fluid will have an acceleration upwards instead of downwards In other 

words, It will float If d is exactly equal to D, is zero, and the 

acceleration is therefore zero The body neither sinks nor floats It nses or 
falls with the apphcation of a very small force The modern submarine is 
equipped with tanks which can be filled with water or emptied by means of 
a store of compressed air When the tanks are quite full the total density of 
the submarme is shghdy greater than water The expulsion of a small quantity 
of water is then sufficient to make the submarine rise to the surface 




Fig 223 — Experimental Proof of the Principle of Archimedes 

Two identical weights fit exactly into two cylindrical vessels When one weight is 
suspended in water from a scale pan, the weight and its vessel m the opposite scale 
pan may be made to balance it by filling the other vessel with water to the brim 


The same reasonmg leads to another conclusion which can be venfied, 
namely, the fact that a very small part of an iceberg is visible above the 
watcr-lme At freezmg-pomt water is 1 083 times as dense as ice So the 
mass M of ice below the water has an acceleration (1 — 1 083)^, and exerts 
a push on the ice above equivalent to (1 — 1 083)M^ = — 0 0^ The 
negative sign mdicates that the acceleration and push arc directed upwards 
If downwards, acceieranon is denoted by the posmve sign The mass (w) 
of ice above pushes downwards with a force equivalent to mg And smee 
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these forces balance one another^ they are equal Hence m ~ 0 083 M, 
1 e M the mass of submerged ice is about twehe tunes the mass of ice 
exposed 

This gives us a clue for which we are seekmg Anstotle rejected the 
possibility that air has weight because a bladder weighs as much when it 
IS blown up as when it is collapsed We might just as well argue that water 
has no weight because a un can weighs just as much m water after a steam 
hammer has flattened it out A bladder inflated with air could only weigh 
more than one which was not inflated if both were weighed in somethmg 
lighter than air, or in an empty space If air has weight, its weight must be 



U wc use CjdUlco’s method for mt isuring force, vc can infer the Archimedean principle 
trom the observed fact that fluid pressure is communicated equally m all directions 
A cylindrical miss (M) of density D, height II, uniform sectional area A, and volume 
V( AH), IS htld in position by another mass (w) suspended in air at the same distance 
from the fukrum from the other arm of a balance The surface of a fluid of density 
J IS )us[ level vvufi the top of the immersed cylinder of mass M The force actmg 
downvv lrd^ on the miss m is nig I he force acting downward on the mass M would be 
VI if It were not opposed bv the upward push of the fluid acting on the 
bise with i force per unit area Hence the total upward force on the base is 
AHdi7 V(k», and the weight mg is therefore balanced by a net downward pull 
VI V- Vc/,,ie 

mg = VD^ ~ VJg 
= VD-V</ 

Since density is mass per unit volume (i e M VD) 

"-M'-b) 

extremely small compared with that of most sohd bodies and liquids, and we 
can accommodate Galileo’s experiments with the slow mitial descent of a toy 
balloon without difficulty by a very small modification the origmal form 
of Galileo’s principle Suppose that bodies fall through empty space near the 
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earth’s surface with constant acceleration g If a is the accelerauon with which 
a sohd body falls in air, it will rarely differ appreciably from g, because the 
density D of most sohd bodies is very large compared with d the density of 
air This is obviously not true of a toy balloon It is largely composed of air 
when It IS blown up Its density D considered as a whole is not very much 



in 

M 

Fig 225 — The Iceberg 

The balances indicate the forces necessary to balance the downward pull and upward 
push of the two parts For converuence of drawing the attachments are at the sides 
Of course tilting will occur unless the attachment is vertically m Ime with the centre of 
gravity 

greater than and ^ ^ is a small fraction Hence it falls slowly A gas 

less dense than the surroundmg air (e g hotter air or coal gas) must have a 
negative acceleration for analogous reasons, and will therefore nse upwards 

The behaviour of a parachute illustrates the fact that air has another charac- 
teristic of weighty matter It is sluggish, and this sluggishness or inertia gives 
us a clue to the piopagation of sound (p 321 ) and to certain peculiarities of 
falling bodies On account of its inertia air resists any attempt to push it out of 


= M(-6)S 

_ D-(j 
- D 
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the wav This resistance to displacement naturally depends to some extent on 
the shape ol an object It is relatively great if a movmg object presents a large 
surface leValwe to its bulk, and this fact is the basis of streamline designs for 
suridcc lei tecomied from our everyday experience of mouon 

ifth^rLTct^rc^^^^^ fluid medium is greater at^eater speeds 

Roughly speaking, air resisunce is proporDonal to the square 01 the Speed or a 
body moving in it So when a body has been fBlhng through air for some time> 
there comes a time when the resistance which it encounters )ust balances its 
own weight Thereafter it gains no more speed It continues to move at a fixed 
speed On account of its shape a parachute has a high imtial resistance Since 
It traps a lot of air, its effective density is small Hence its iiutial acceleration is 
also small It reaches the limit of its power to gam speed very quickly 

If he did not cut the cord to release the parachute after jumping from his 
plane, an aviator would continue to fall through a relatively long distance while 
gaimng speed at a rate differmg little from the fixed acceleration of bodies 
tailing m a vacuum At a certain limit his acceleration would fall off rapidly, 
reaching a “tcrmmal” fixed speed many times greater than that of a para- 
chutist By the time he was travelling 170 miles per hour, he would have 
ceased to gain speed In the Galilean sense, he would have no effective weight 
Why then would he be mangled? An everyday experience provides the 
answer If an egg is dropped from a height of half an mch, it is not broken 
If It is dropped from a height of six feet it is smashed Within these limits its 
Galilean weight does not differ sensibly So its Galilean weight is not directly 
responsible for disaster The egg shell has internal inertia, and extensibility 
It cannot communicate motion throughout all its parts instantaneously When 
the bottom touches the ground, the top is still movmg. So some parts are losmg 
speed more quickly than others At the moment of impact the distribution 
ot accelerations is not umform, and these accelerations correspond to Gahlean 
forces Thus there is an unequal distribution ot internal stresses which m one 
direction or another exceed the breaking point How big these mternal stresses 
arc depends on whether the speed immediately before impact is great or small 
compared with the rate at which the material of the shell can commumcate 
motion The surface of a mouse is much greater relative to its weight than that 
of a horse Hence it encounters much greater air resistance and has a much 
smaller terminal or lirmtmg speed of fall For this reason it can fall through a 
much greater height without being killed 


When von Guericke and Boyle had devised a pump for suckmg the air out 
of a vessel, Newton was able to show that a gumea and a feather keep pace in 
fallmg tlirough a vacuum Proof that air has weight first came from another 
source Before cxplauung how the discovery was made, two empincal appli- 
cauons ot the Archimedean prmciple m everyday life may be noted The 
density of some saleable fluids (e g milk and spirits) is controlled by legisla- 
tion, and die density of the fluid m storage batteries is a useful indicator for 
testing when they are fully charged For routmc determmations of this kind, 
accurate weighing of an accurately ascertained volume of fluid would be much 
too laborious, and is replaced by the device known as the hydrometer 
(Fig 22b) This IS esscnfially a metal tube or a glass tube with some mer- 
cury at the bottom to make it sink till the weight of fluid displaced is equiva- 
lent to the waght of the mstrument The volume of fluid whose weight is 
equivalent to weight of the mstrument depends on its density So the hydro- 
meter sinks more if the density is lower A graduated scale records the length 
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of the submerged part The divisions marked off correspond to the levels 
which fluids of particular densities reach Only relative measurement of 
densiues is made in this way, water being taken as the standard Density re- 
ferred to water as the standard {d — 1) is called specific gravity * 



Fig 226 

The scale marks show how deeply it sinks in fluids of different density 


A second application of the principle of buoyancy is the ^"PbmsolV^ Ime 
An iron ship floats because the weight of the shell is far less than the weight 
of the total volume of water displaced Every addition of cargo makes it sink 
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The Plimsoll line on all ships in Lloyd’s register, L R The several marks are the 
loadmg limits for fresh water, Indian summer seas, temperate seas m summer and 
winter, and wmter m the north Atlantic 


further till an equivalent weight of water is displaced It is not safe to load 
a ship so heavily that the addmon of a small amount of extra ballast will 
sink It The limit of safety depends on the density of the water, which varies 

* If volume IS meafiu'ed m c c and weight m grams, the density and the specific 
gravity of the same substance have the same numerical value at 4° C , smce I c c of 
water at this temperature weighs 1 gm 
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appreciably according to its salt content and temperature Sea water is denser 
than fresh water^ as we know if we are swimmers, and the warm tropical 
waters are less dense than Arctic seas The law now enacts that all vessels 
carry a scale like the scale of a hydrometer, showing the different levels 
beyond which the water level must not be allowed to pass when loading in 
fresh or sea water, arcuc or equatorial seas (Fig 227) 

ntF PRESSURE OF THE ATMOSPHERE 

The most direct way of proving that air has weight is tb compare the weight 
of an exhausted vessel with its weight when hlled with air When the temper- 
ature is hO'' F at sea-level, the weight of one litre (1,000 c c ) of air is approxi- 
mately 11 grams That is to say, a vessel of 1 htre capacity (roughly one-fifth 




Fig 228 


Two simple experiments illustrating the weight of the atmosphere In the right-hand 
one, the pressure of the air, communicated like the pressure of the water m the siphon 
in all directions, keeps a full tumbler sealed by a piece of paper placed across the 
open end 


of a gallon) weighs 1} grams (about a twentieth of an ounce) less when 
exhausted The discovery that air has weight did not result from, but pre- 
ceded, the discovery of the vacuum pump It was made by Torricelli, a pupil 
ot Galileo, about the year A d 1043, and was really a miniature demonstration 
of the principle which underlies the necessity of raising water in relays 
(Fig 218) According to Burnet, the Ionian Fmpedocles correctly interpreted 
the raising power of the common pump as the weight of the air pressing on 
the source of water If so, the early Greek materialists had sohd ground for 
their faith in the indestructibility of matter Be that as it may, Aristotle's 
teaching triumphed, and, so far as we know, was accepted by the Alexan- 
drians, whose knowledge of the mechanics of fluids should have sufficed to 
exhibit the flaw m his reasoning 

An old trick which is easy to repeat with a tumbler of water and a wash 
basin may have suggested the experiments of Torricelli If we turn a tumbler 
upside down under water and draw it upwards, the water does not descend 
inside It, so long as the run is just below the surface of the watdr If we 
place a piece of paper on a tumbler bnmmmg over with water, we can turn 
It upside down in air without emptymg it The pape** remains apparently 
glued to the edge In performmg similar experiments/ m which a cylinder 
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filled with mercury was inverted over a trough containing mercury, Torricelli 
found that the fluid descends a certam distance if the cylmder is sufficiently 
long, leavmg a space above it without any sign that bubbles of air have 
passed up The vertical height of the mercury column with the empty space 
(TornceUian vacuum) above it was not affected by tiltmg the cylmder side- 
ways, or by usmg tubes of different sectional area At sea-level the height 
of the mercury colunm above the level of mercury m the trough is 760 mm , 
or roughly 30 mches A variauon of the ongmal form of the experiment is 
to fill with mercury a U-tube of which one limb is closed, holdmg it in a 
nearly horizontal position, takmg care to let m no air bubbles If the other 
limb IS sufficiently long the mercury sinks in the closed one when the U-tube 
IS held upright till the vertical difference between the two columns is 760 mm 
(at sea-level) Either arrangement is what we now call a mercury barometer 
(Fig 229) 

We have seen that pressure at any horizontal level m a flmd is the force 
exerted by the weight of the overlymg fluid on umt area (ing — a) Smce mass 
is the product of volume (t^) and density {d)y 

pressure ^ vdg — a, 

and smce volume per umt area (v — a) is the height Qi) of the overlymg 
column, the pressure or force per umt area of a column of flmd on its base 
is hdg To put It m another way, a pressure hdg is reqmred to raise a column 
of fluid to a height h For mcasurmg what supplies this pressure, the equili- 
brium of two hqmds of different density (Fig 229) flumishes a precise parallel 
Two connected columns of flmd are only m equihbnum when the vertical 
height of both is the same, providmg that their densities are the same If a 
straight open tube dips mto a trough of mercury, the mercmy m it rises 
above the level of mercury m the trough when water is poured on to the 
latter Similarly, if water is poured mto one limb of a U-tube contaimng 
mercury, the mercury m the other rises a httle In either case the more general 
form of the law of equihbnum is true At any level m the mercury the pressure 
of both columns above it is the same, eg at the level where the mercury 
(density D) is m contact with water (density d)y the heights of the overlymg 
columns of water Qi) and mercury (H) are such that 

H^g^hdg 

or 

n-h^d-D 

This means that if mercury is 13 J times as dense as water, a column of 
mercury could just be supported m a vertical position by the pressure of a 
column of water 13J times as long, m the same way as the water in the 
tumbler is supported m a vertical position by somethmg pressmg on the 
paper and communicatmg its pressure upwards and downwards m all 
directions equally 

In these expermients we have water on one side of a mercury column, 
and no ^ater on the other The pressure exerted by the weight of the water 
mamtams the difference m level between the two columns of mercury In 
the barometer we h')ve air on one side and apparently none on the other 
Is the pressure supphed by the fact that the air has weight? A simple experi- 



380 Science for the Citizen 


ment completes the analogy If we withdraw some of the water m the last 
experiment (Fig 229), the height of the water column is less, and the differ- 
ence between the two levels of mercury is dimimshed We can make the 
height of the air column pressmg on a mercury barometer less by takmg 
the barometer to the top of a mountain This test was devised by Pascal 



tlG 22 ^ 

‘\bovt, two torms ol the barometer Below, tlic weight of a column of water, pressing 
on mercury (density D) with a force HD^ = hJt per umt area, lifts a column of mercury 
to a height H in the same way as the weight of the atmosphere maintains the mercury 
level of the barometer 

(about 1048) soon after Torricelli’s experiments, and is now used as a means 
ol calculatmg altitude At the top of Mount Everest (3* miles up) the weight 
of the atmosphere will only support a column of mercury 11 inches high 
At the height of 9 0 miles, reached by Professor Picard in 1931 (Fig 241), the 
mercury barometer only registers 5 inches That the s^e force acts on any 
hqiud is easily proved Smee mercury is 13] times as dense as water, the 
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pressure which supports a column of mercury 30 mches long at sea-level 
would support a column of water 13J times as high, i e about 34 feet 
This IS easily shown to be true^ and provides a good enough reason for pre- 
ferrmg the use of mercury to water m constructing a barometer There are 
several others 

The most familiar use of the barometer in everyday life depends on the 
fact that water vapour is less dense than air So a mixture of water vapour 
and dry air is less dense than pure air Smce the height of the atmosphere 
may be taken to be nearly constant, changes m the atmosphenc pressure at 
any particular place chiefly depend on moisture and temperature A fall of 
pressure means that the air is less dense, and this generally means that it 
IS more moist Hence ram is to be expected This rule is not highly reliable, 
because changes m pressure also result from imequal heatmg of the earth’s 
surface Warm air is less dense than cold air, and the atmospheric pressure, 
therefore, depends partly on the temperature It is constandy changing 
because of the wmds so produced A further comphcation arises from the 
fact that more water vapour is required to saturate warm than to saturate 
cold air In an island chmate, the direction of the wmd is specially important 
In England ram may be antiapated when cold wmds are blowmg over the 
sea from the north-east, even if the barometer is rismg In^the weather 
forecasts now pubhshed, most importance is attached to the relative distri- 
bunon of pressure based on wireless signals which make it possible to record 
how zones of high and low pressure are shiftmg from day to day A chart 
constructed on the basis of simultaneous records of pressure at different 
stations will frequendy show closed areas of high pressure (anti-cyclones) 
from which dry wmds are blowing spirally outwards, or closed areas of low 
pressure (cyclones) where wet winds are blowmg spirally mwards Their 
position changes from hour to hour, so that it is possible to foretell within 
short limits where they will next be The approach of a cyclone betokens 
wet weather, that of an anti-cyclone dry weather 

At sea-level m our climate the height of the mercury colunm varies between 
29 and 31 mches Smce the force actmg on unit area at the base of a column 
of fluid Qidg) only depends on its height, density, and the value of g which 
varies only very slighdy with latitude and altitude, it can be calculated at 
once from the height of a column of fluid of known density The mass of 
1 cub ft of mercury is 848 lb The weight of a column 1 sq ft m cross- 
sectional area and 30 mches high is 848 x 30 ~ 12 = 2,120 lb So the 
pressure of air which supports it is equivalent to a weight of 2,120 lb on 
every square foot, or approximately 14 1 lb per square mch A barometer 
can also be adapted as a pressure gauge (Fig 230) m measurmg low or high 
air pressure ! en exhaustmg a space, compressing a gas, or recordmg the 
pressure of a water supply. Pressure is often measured m “atmospheres,” 
the standard or umt (one atmosphere) bemg the mean pressure at freezmg 
temperature m laGtudc 46° This is 760 mm , or 29 92 mches of mercury, 
or 33 J teet of water Thus the pressure of a town water supply that will raise 
water in an upright tube 100 feet high is almost exactly 3 atmospheres 
That IS to say, the fcyce exerted on every square mch is eqmvalent to a weight 
of 3 X 142 or II lb to the nearest pound 
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THE SPRING OF iHE AIR 

To be useful, a recipe for making substances must include the quantities 
of the ingredients and the yield The importance of chemistry in modern life 
depends on the fact that it can give us rules for finding recipes of this sort 
Modem chemistry rests on the doctrine of the Greek materialists In chemical 
processes no matter is lost Increase in the weight of one ingredient of a 



Fig 1 10 

Two types ol pressure giupc 1 he upper one is tor measuring small pressures in the 
neighbourhood of a vacuum The fluid does not begin to fall until the pressure in the 
chamber to uhich the open end is attached falls below that of a column of fluid 
of length H, 1 c the gauge only measures pressures less than H When the fluid 
begins to drop tlie difterence h measures the actual pressure in the chamber The 
lower one is tor measuring small pressures in excess of that of the atmosphere 
(c g that of the gas supply) The ditference h is the excess of pressure over that of the 
atmosphere, 1 c A must be added to the height of the barometer reading to get the 
pressure in the chamber Fither type of gauge may be made more sensitive by using 
a light fluid like water instead of mercury Of course, pressure measured m lengths 
of a column ot fluid means nothing unless the fluid is stated If water is used for the 
lower type the barometer reading winch must be added to h must be «ivcn in water 
units, I e n times the rtadin'^ of the mercury barometer 

mixture is accompanied by loss of weight of others which go to its makmg 
The science of antiquity knew no general rules for obtaining a good yield 
In the anaent chemical arts of metallurgy, medicme, and fermentation, 
substances appeared to gam weight and lose it accordmg to no detectable 
rules The Arab chemists knew that the oxide ore or cj4x produced when a 
metal is heated in air is heavier than the metal from which it is formed When 
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the ore was reduced in the absence of air by heating with charcoal, the latter 
disappeared, leaving only metal hghter than the original calx Why this 
should happen they could not see, because they did not realize that air is 
ponderable matter From the beginnings of the Iron Age, no substantial 
progress m the understandmg of chemical processes was made, or was pos- 
sible tdl air had ceased to be a spmt When first carried out the experiments 



I iG 231 - Medical AD\ANCbS in the Sociai Context of the Common Pump 

When the mechanism of the common pump was fully understood, the old belief that 
respiration allows the vital spirits to escape from the body made way for the recogni- 
tion that the chest movements are simply a mechanical device to ensure that the 
spongy cavities of the lungs whose thm walls are abundantly supphed with blood 
vessels receive a constant supply of fresh air The fundamental peculiarity of the third 
state of matter is that it spreads out in all directions to occupy all the empty space 
available Among his many experiments on the mechanics of the pump, von Guericke 
showed that a balloon can be expanded till it burst, if enclosed m a large air space 
from which the air is pumped out The experiment can be varied by using the lungs 
of a freshly killed shee|) If the windpipe is made airtight by a ligature the lungs can 
be inflated to bursting point In other words, the space which a gas occupies depenas 
on the external pressure to which it is subjected An alternative modificauon of von 
Guericke’s experiment shown m this figure illustrates what happens m normal 
breathing The wmdpipe is open to the air The cavity of the glass bell jar in which 
the lungs are suspended is airtight, and the floor of the bell jar is closed by a rubber 
sheet which can be depressed by a cord, thereby increasing the capacity of the over- 
ly mg space containing the lungs When this is done the lungs can be rhythmically 
inflated and deflated by the up and down movements of the cord This corresponds 
to the action of the muscular diaphragm or midriff which separates the chest cavity 
or thorax from the abdomen During mspiration the midriiff is depressed so that 
fresh air rushes through the wmdpipe mto the lungs When it is elevated dunng 
expiration, some of the foul air is expelled The mtcmal capacity of the chest cavity 
IS also increased durug inspiration by the expansion resulting from the contraction 
of muscles which he between the ribs and force the latter to bulge outwards 
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of Torricelli and Pascal, now almost commonplace m their simphcity, were 
the focus of one of the greatest revolutions m human knowledge They made 
air a weighty matter 

By themselves, all these experiments showed was that air has weight 
They tell us what the weight of the whole atmosphere is, but not the weight 
of a given quantity of air This was made possible by a discovery which 
followed immediately afterwards In the social circumstances of Galileo’s 
generation one of the pressmg technological problems which attracted atten- 
tion was how to pump water out of mmes, and fresh air into them The 
mechamsm of the pump depends on what Hooke called the “spring of the 
air ” The discovery of the vacuum was a necessary result of a correct under- 
standmg of how pumps work Although most of us think that we know all 
about how a pump works, there is much to be learnt from it So far we have 
only considered the force a flmd — liquid or gas — can exert by its own weight 



Fig 232 

1 lie pressure at the base of a coluniii ot fluid of height h is meisuied by only if the 
column IS free to move upwards 

downwards 1 he measurement of pressure by the product Mg imphes that 
the fluid is only prevented from movmg upward by its own weight In a 
vessel closed at the top this is not so Since a fluid commumcates pressure 
m all directions the pressure of fluid at the base of the projectmg arm m 
Fig 232 is the same as the pressure at the same level m the mam body of the 
fluid, and this does not depend on the height of the flmd m the closed limb 
Similarly, solid bodies do not merely exert pressure m virtue of their weight 
They also exert pressure agamst any attempt to change their shape or volume, 
and hence density If we stretch a piece of sprmg it returns to its normal 
position when we let go If we press on the handle of a bicycle pump when 
the orifice is closed, it sprmgs back when we release our grip The pressure 
of the air within it is greater than that of the outside air when its volume 
IS dmimished Conversely, it is less than that of the atmosphere when its 
volume IS increased The acaon of the once “common pump” depends on 
the same fact (Fig 233) Raising the piston mcreases the volume of eir m the 
cylinder, and the water rises because the pressure of the atmosphere in the 
well IS greater than the pressure of the air in the pump itself 
A difficulty which prevented people from looking on tiv as a material sub- 
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Stance may have been partly due to the charactensuc which speaally distm- 
guishes the third state of matter from sohds or hquids In the gaseous state 
matter is highly compressible Liquids and sohds only suffer mmute changes 
of volume under tremendous pressure In ordmary conditions each has its 
own characteristic density which is fixed So, when we speak of a quantity 
of something m everyday life we do not need to draw a sharp distmcnon 
between mass and volume We measure grocenes m pounds or pmts 
accordmg to convenience A pmt of bran or meal or beer represents as 
definite a quantity of matter as a pound to us Nothmg we do to a pint of 
beer by ordinary methods at our disposal makes it less than a pmt, and two 



Fig 2 ^ 3 — The Common Pump 

Any pump which continuously forces or sucks up a fluid must have two valves In 
the figure one valve is the leather washer of the piston The lips ot this are kept closed 
by the pressure of the air in the upstroke The other is a metal trapdoor kept tightly 
shut by the pressure of the water in the downstroke 

pints weigh twice as much as one Unless we know the state of compression 
of a gas nothmg of the sort is true Two pmts may weigh less than one pmt 
When we stretch a sprmg its mass remams constant, but its mass per umt 
length dimintshes So to deduce its mass from its length we need to be told 
what is the stretchmg force, and how its length varies with it To deduce 
anything about the mass of a gas from its volume we have to know how the 
density of a unit of mass, i e its volume, depends on the pressure There are 
two very good reasons why it is important to know this connexion We usually 
measure liquids and powdery sohds by volume, because it is generally 
easier to measure volume than to measure mass This is specially true of 
gases, because they are so hght m ordmary circumstances So no advance 
towards an understandmg of how the weights of gases and sohds are con- 
nected, when they enter mto combmation, could be rapid, until it was possible 
to calc^date the weight of a gas from the volume it occupies at a particular 
pressure To get an idea of how much the progress of chenustry depends on 
knowmg the sprmg of the air, you have only to imagme how many people 
would get served llefore closing-up time if all beer were weighed out on 

N 
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scales before bemg sold Another fact which made it important to determ 
the spring of the air was that we cannot calculate bow the banmeter^^ 
affected by altitude unless we know it. The atmosphere gets more rare as 
we ascend If the density of the air were the same at ah levels we could 
calculate pressure at any altitude from the product /ufg. Since the lower 
layers of air are pressed under the weight of ah the air lying above them, 
they are more dense 

Discoveries, like misfortunes, rarely (if ever) come singly They have 
then roots in the social experience of the tune The law of the spring of 
the air was independently discovered by Boyle and Hooke m England, 



Fig 214 — Boyle’s Experiment 

I he outside pressure is H, the dilfercnce of pressiu-e between the air m the closed and 
open columns is I bo the pressure m the closed column is / + H 

and by Mariotte in France, within a few years of Pascal’s experiment In 
England it is called Boyle’s law, though the credit is probably due to Hooke 
To discover it, he used a U-tube contaimng mercury, one limb bemg 
closed CFig 234) If the bore of the tube is uniform, the volume (ti) of air 
m the closed limb is directly proportional to the length of the air column L 
When the level of mercury m both limbs is the same, the air m the closed 
one (A) IS not compressed Its pressure is therefore equal to that of the 
atmosphere (H), (1 e that on the base of a column of mercury roughly 
30 inches high) If the limb A were m communication with the air the 
mercury would rise to the same level m both limbs when more w?s added 
to hmb B If It IS closed, the mercury does not rise so far m limb A, and 
the difference of pressure is proportional to the difference (/) between the 
heights of the two columns So the total pressure (p) of^the gas m the closed 
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limb IS measured by the (/ + H) Smce pressure mcreases when volume 
dimimshes, the simplest rule to explore is that the pressure vanes mversely 
as the volume, i c. 

k 


Smce L is proportional to v and (/ + H) to p, this is true if 

L(/ + H) = constant 

Some data from one of Boyle’s experiments (1662), when the barometer 
reading was 29 J mches, show how closely this rule was found to be true 


L 


L(/ + a9A) 

12 

0 

349 0 

11 


361 3 

10 


363*1 

0 

10* 

353 3 

8 

1«* 

365 5 

7 


352 2 

6 

2»H 

362 9 

6 

<1* 

363 4 

4 

58 * 

349 0 

3 

00 

00 

362 7 


fakmg the mean value of the product as 352 3, you will find it mstructive 
to test the limits of accuracy by calculating / from observed values of L, thus 

L(/+29A) = 352 3 

/ = (352 3 - L) ^ 29A 

The largest discrepancy, when L = 4, gives / = 88 075 — 29 125 ~ 58 95 
as compared with 58 125, an error of less than Ij per cent Over a wide 
range the experimental error is very much smaller when the best modern 
glass and a more finely graduated scale is used For most practical purposes 
the connexion between the pressure and volume of gas is therefore given 
by the formula 

pv — k 

Smce volume is mversely proportional to density, this is equivalent to saymg 
that pressure is directly proportional to the density of air (or other gas), i e 

p = Kd 

or that density is directly proportional to pressure, i e. 


d= K'p 



388 Science for the Citizen 

Assuming that the temperature at which all experiments are carried out 
IS the same, Boyle’s law tells us how to calculate the density of a gas at any 
given pressure Hence we can calculate the mass of a given volume at a 
particular pressure^ once its density has been found at some standard pressure 
The densities of gases are usually given at the standard pressure of 760 mm 
of mercury If a gas occupies a vessel whose capacity is 38 c c at 750 mm , 
and at the temperature of freezing water (0° C ), 750 x 38 = A If its 
volume at 0“ C and standard pressure is V, 760 V = ^ Hence 
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Fig 235 

The biL^clc pump iind tyre, like the common pump tor raising water, have two 
valves 1 he leather washer valve ot the piston is kept closed by the greater pressure 
in the cylinder during the downstroke, and the rubber tube valve of the tyre is kept 
closed by the greater pressure ot the air in the tyre during the upstroke 

So if Its density at standard pressure and 0° C is 1 3 grams per litre, (1,000 
c c ), the mass of 38 c c at 750 mm and 0° C is 


(1 3 X 37 5j - 1,000 = 0 04875 grams 


As we all know, hot air rises The density of air or any gas dimuiishes 
considerably as the temperature is changed, if the pressure is kept the same 
So Boyle’s law by itself is a safe guide for measuring gases only if all experi- 
ments are done at the same temperature Mariotte used it to calculate (see 
Fig 241) the pressure of the atmosphere at any height above sea-level, by 
allowmg for the changes m density due to the compression of the lower layers 
of air by the ones lying above 
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THE VACUUM 

To measure gases by means of Boyle’s law m the way illustrated by the 
example, we need to know their densities at some standard pressure and 
temperature This can be done once for all by weighmg a vessel of known 
capacity when filled with the gas, if its weight has been found when it contams 
no gas at all, like the empty space above the mercury in a barometer A great 
advance was made when the common pump was adapted for creating a 
vacuum The mvention, for which von Guericke seems to have priority 
over Boyle, was made about the same time as the discovery of the sprmg of the 
air, and like it happened mdependently m England and on the Contment 





doimsiroke 


Fig 23G 



A vacuum pump may be made from a bicycle pump by reversing the position 

of the valves 


about the same time If Boyle is justly called the father of modem chemistry, 
von Guericke might with equal justice be called the father of steam power 
A device with which he used the suction of air m filling a vacuum to raise 
weights was without doubt the parent of the mechamsms which led to the 
construction of the Newcomen engme 
The invention of the vacuum pump also made it possible to submit 
Galileo’s doctrme of terrestrial gravitation in the modified form, which has 
been stated earher m this chapter, to the decisive test which Newton apphed 
By showmg that a feather and a gumea fall through a long glass cylmder at 
the same rate when all the air is drawn out of it, Newton furnished direct 
proof ihfLi bodies fall with constant acceleration in vacuo The constancy with 
which compact heavy sohds fall, as m Galileo’s experiment, through air is 
not remarkable when we remember how bodies gam speed m falhng through 
a fluid The vacuun) pump made it possible to show then that the weight of 
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air at room temperature is only about 75 lb per 1,000 cub ft An equal 
quantity of glyceiine weighs about 1,000 times, and of water about 800 times, 
as much as air at atmospheric pressure Neglecting air resistance, this means 
(see p 372) that a substance with the density of glycerme would fall through 
air at an accelerauon (1 — toott) times its acceleration m a vacuum So the 
value of g calculated from observations m air would only differ by one part 
m a thousand from g measured in vacuo A sohd piece of indiarubber has 
about the same density as glycerme, and if it happens to be a golf ball, falls 





Fig IM — Dlpression of thb Barometer Column b\ 

AN Air Bubble 

In making ^ barometer or pressure gauge, it is important to exclude small air bubbles 
between die mercury and the glass The presence of bubbles exerts a pressure m the 
dead space, depressing the mcrctirv column below the level to which it would rise if 
the vacuum were perlcct 1 he height of die column measures the diflference m pressure 
between the atmosphere (pressure P) and that of the dead space If the latter is a 
vacuum die pressure m the dead space is 0, and the difference P — 0 = P If the 
dead space is not a perfect vacuum 

difference m pressure (p) = pressure of atmosphere (P) — pressure m dead space 
pressure of air m dead space = P — p 

Suppose e g diat an air bubble of v c c at pressure P is introduced into the dead 
space of a tube of uniform secooml area a sq cm By the law for the sprmg of the air, 
Pv — If the dead space is increased from D cm to dem and the pressure drops 
trom P to p cm , d — D -- P — p 

d = P-p + D 

1 he volume occupied by the air bubble at the new pressure (P — p) is od 

(P - p)ad = yfe = Pv I 

a(P - p) (P - p -f D) = Px 

1 he only unknown quanaty m this equauon is p, if the dimensions of the tube, size 
of the air bubble, and the external pressure, have been mea^ired Hence the new 
height of the column can be calculated 
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like the balls m Galileo’s experiments If it is made m the form of a football 
bladder, which can be blown up Dll the volume of air it displaces is several 

d 

hundred times as great as the rubber itself, ^ may be very nearly equal to 
umty, and ^ ~ very nearly equal to zero So it will fall very slowly 



Fig 238 —Relation of the Air Space in a Diving Bell to the 
Depth op Immersion 

If the sectional area of the bell is A, the dead space is and the total capacity is Ac 
Hence the relative volume of the air space is 6 — c The pressure of water at the 
depth d IS equivalent to atmospheric pressure P (an of mercury), together with the 
weight per unit area of d cm of water Since mercury is 13 8 times as dense as water 
d cm of water is equivalent to d ~ 13 6 cm of mercury, and smce water transmits 
pressure equally m all direcuons the pressure m the dead space m equilibrium with 
water at the same depth in cm of mercury is 

Hence accordmg to Boyle’s Law, 

Ac X P = m(p + 

b _ 13 6P 

c - 13 6P -f d 

If the depth is very great we can put a mstead of d 


THE REVIVAL OF ATOMISM 

Whatever credit may be due to Aristotle as a student of animal life, his 
treatise on physics was neither ongmal nor m advance of his time His 
Amc pamahty for disputation triumphed over the robust common sense 
of his Ionian predecessors m an attempt to accommodate Plato’s idcahsra 
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with the claims of natural enquiry to rank as a gentlemanly pastime In 
the end the supremacy of Plato’s mysticism was the death-blow to Greek 
natural science Cyril Bailey’s collection of the remnants of loman know- 
ledge show that the earlier Greeks had an uncanny gift for drawmg correct 
conclusions from careful observation of nature without elaborate eqmp- 



Tig 239 — Measurfment of Dinsity by Fluid Level 

On the left ire two tubes immersed in the same fluid of density D The dead space ot 
one, in which the mercury level is H cm , is a vacuum, and HD^ is the difference of 
pressure between the atmosphere and a vacuum, i e the atmospheric pressure in units 
of force 1 he dead space of the other, in which the mercury level is h, contains some 
air The difference in pressure between the dead space and the outside air is hDg 
Hence if P is the pressure inside the dead space, HD^ — P = h£>g and P = HD^ — 
hV)g — D^(H — h) Since D is the same if the same fluid is used and g is the same 
at the same locality we can express the pressure difference between two lots of gas by 
the difference of height (H — h) of two pressure gauge readings If some air is sucked 
out of a U-tube dipping into two different liquids, one of density D rising to level L, 
the other ot density d rising to level /, the difference between the pressure of air P 
in the closed spice and that of the outside air (A) is A - LD^ as measured by the 
rise of fluid in the left-hand limb, or \ — Idg me isured by the rise of fluid in the 
right-hand limb Hence 

A ~ LD^ ^ h~~ Idg 
LD? = Idg 

I D 

i c the densities are mvcrscly proportional to the heights of the columns 

ment such as we possess The doctrine of Atomism which Aristotle apphed 
all his mgenuity to overthrow was more than a lucky guess It was the fruit 
of dose observauon by men in close contact with the world’s work \ 

Although dominated by Plato’s teachmg, which treated the shadow world 
of everyday experience with contumely, the revival of classical Icarmng had 
one salutary effect on sacnofic enquiry It led to the study of Plato’s antagon- 
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ist, Epicurus, who had adopted the Atomic doctrine of Leucippus and 
Democritus Promment among the translators and commentators of Epicurus 
was Gassendi, who was one of the founders of the Paris Academy Gassendi 
was the irreverent ecclesiastic who first determmed the speed of sound m air 
He also carried out an experimental demonstrauon which led to the abolition 
of witch-burmng m Cathohc France more than half a century in advance of 
Protestant Scotland The incident is recounted in Robertson’s A Short 
History of Freethought Ancient and Modern (Vol II), as follows 

Among his other practical services to rationalism was a curious experiment, 
made in a village of the Lower Alps, by way of mvestigating the doctrme of 
witchcraft A drug prepared by one sorcerer was administered to others of the 
craft m presence of witnesses It threw them mto a deep sleep, on awakening 
from which they declared that they had been at a witches* Sabbath As they 
had never left their beds, the experiment went far to discredit the superstiUon 
One sigmficant result of the experiment was seen in the course later taken by 
Colbert in overridmg a decision of the Parlement of Rouen as to witchcraft 
(1670) That Parlement proposed to burn fourteen sorcerers Colbert, who 
had doubtless read Montaigne as well as Gassendi, gave Montaigne’s prescrip 
tion that the culprits should be dosed with hellebore — a medicme for brain 
disturbance In 1672, finally, the kmg issued a declaration forbiddmg the 
tribunals to admit charges of mere sorcery, and any future condenmauons were 
on the score of blasphemy and poisoning 

Epicurus was not himself a scienufic mvestigator He was interested in 
man’s social hfe Like Karl Marx (who wrote his doctorate dissertation on 
the Greek atomists), he regarded the teachings of natural philosophy as the 
proper basis for social conduct Seemg how stupidity and cruelty like witch' 
burning results from terror of the gods, he believed that human relations 
would become more wholesome as men learned to recognize the orderly 
routme of a world m which no divme dispensauon gives them a natural right 
to keep slaves So Aristotle’s hatred of materialism receives a sufficient 
explanaaon from his paruahty for slavery 

The materiahsm of Democritus had two fundamental tenets The first is 
what we now call the conservation of matter It is expressed at the conclusion 
of an eloquent passage by the Epicurean poet Lucretius m the memorable 
words 

When human hfe to view lay foully prostrate upon earth crushed down 
under the weight of religion, who shewed her head from the quarters of heaven 
with hideous aspect lowermg upon mortals, a man of Greece ventured first to 
hft up lus mortal eyes to her face and first to withstand her to her face Him 
neither story of the gods nor thunderbolts nor heaven with threatemng roar 
could quell, but only stirred up the more the eager courage of his soul, filhng 
him with desire to be the first to burst the fast base of nature’s portals 
On he passed far beyond the flammg walls of the world and traversed m mmd 
and spirit the immeasurable umverse, whence he returns a conqueror to tell 
us wha^ can, what cannot come mto bemg, in short on what principle each 
thmg has Its powers defined, its deep-set boundary marked Therefore rchgion 
IS put under foot and trampled upon in its turn Us his victory brmgs level 
with heaven This what I fear hcrem, lest haply you should fancy that you 
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are entering on unholy grounds of reason and treading the path of sin, whereas 
on the contrary heinous rehgion has given birth to sinful and unholy deeds 
You yourself some time or other overcome by the terror-seeking tales 
of the seers will seek to fall away from us Ay, indeed, for how many dreams 
may they now imagme for you, sufficient to upset the calculations of hfe and 
trouble ail fortunes with fear And with good cause, for if men saw that there 
was a fixed limit to their woes, they would be able m some way to withstand 
the religious scruples and threatemngs of the seers This terror then and 
darkness of mmd must be dispelled not by the rays of the sun and glittermg 
shafts of day, but by the aspect and the law of nature, whose first principle we 
shall begm by thus stating, nothing is ever gotten out of nothing hy divine power 
Fear m sooth takes such a hold of all mortals, because they see many operations 
go on m earth and heaven, the causes of which they can m no way understand, 
believmg them therefore to be done by divine power For these reasons when 
we shall have seen that nothing can be produced from nothmg, we shall then 
more correctly ascertain that which we are pursuing, both the elements out 
of which everything can be produced and the manner m which all thmgs are 
done without the hand of the gods 

The vacuum pump destroyed this terror and darkness of min d It estab- 
hshed a new realm of matter, and removed the au: we breathe from the domam 
of “spirits ** Lest we be accused of emphasizmg the “material” benefits of 
scienufic progress unduly, we may recall the fact that witch-burning died out 
in England during the three decades which followed the revival of materialism 
In Scotland, where belief m the authority of the seers was more firmly 
rooted, the amiable practice persisted longer As late as l()b4 one traveller 
records the spectacle of nine old women dymg at the stake on the same day 
in Leith for dispensmg herbs — contrary to Senpture When at length correct 
information about the way m which chemical changes can be brought about 
had become more generally available, the execution and torture* of people 
supposed to be capable of suspendmg the laws of nature came to an end 

* The following citation from R D MelviJJe in the Scottish Historical Revmwy 
vol 2 (I0ur>), tells of the ingenious sources of entertainment of which we have been 
robbed by the decline ot CTlvinism 

“ Ihc barbarity of the tortuies wreaked upon persons suspected of witchcraft 
or sorcery is suthcicntly instinccd by the well-known case ol Dr Pian, alias 

Cunningh un, schoolmaster at Saltpans in Lothian In the first place, his head or 

neck w IS ‘thriwn’ or twisted with a lopc, he was then ‘put to the most Severe and 
Cruell puiic m the world called the bootLs’, shortly afterwards the nails of all his 
fingers were torn out with pincers, two needles having previously been thrust under 
every nail ‘over even up to the heads , this provmg unavailing to extort a confession, 
he was again subjected to the boot, ‘whcieinhe did conunue a long ume, and did 
abide so mmv blows m tlum that his kggLS were crusht and beaten together as small 
as might bee, and tlic bones and the flesh so brused that the blood and marrow 
spouted forili in great abundance, whereby tliey were made unserviceable for ever * 
But contimus the report ‘all these grievous paines and cruel torments* tailed to 
extort a confession, ‘so deeply had the Devil entered into his hean ’ Thereaftei, 
by way of a terror and example to all others ‘that shall attempt to deall m the lyke 
wicked and ungodl>e actions as witehcraft, sorcene, conspirauon, and such like,’ 
hian was condemned to die m the spceiil manner provided by the law of the land 
‘on that behalte’, and he was aecoringly conveyed m a cart to the Castle Hill of 
rdinburgh, and havmg first been strangled at a stake, his body was throw i mto a 
lire, ‘ready provided, and there burned on a Saterdaie in the end of ^anuarie 
last past, 1G‘H ’ The narrauve then quamtly but significantly proceeds to observe 
‘T he rest ot the witches which are not yet executed, remayn'' in prison till farther 
tnall and knowledge ot his Majcsuc’s pleasure * “ ^ 
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In Scotland the last cases occurred about 1727 Lccky tells us that nme years 
later the ministers of the associated presbytery met to record with gnef their 
mabihty to stem the tide of modem doubt before tummg their attention to 
new expedients for satisfymg the deeper needs of mankind 

In 1643, Sir Thomas Browne, who was more enhghtened than most of 
his contemporanes, wrote of witches “they that doubt of these are 

obhquely and upon consequence a sort not of Inlidels but Atheists the 

Devd hath them already m a Hercsie as Capital as Witchcraft ” His views 
on Lucreaus were appropnate “I do not much recommend the readmg or 
studymg of it, there bemg divers Impieties m it, and ’ns no credit to be 
punctually versed m it ” Nevertheless the new naturahstic temper which 
Browne did much to sponsor was gaining ascendancy over what Browne 
himself called “the mortallcst enemy unto knowledge and that which has 
done the greatest execution upon truth ” The testimony of the surgeon was 
becoming as mhuential as the counsels of the Church Needham relates a 
significant episode 

On May 10, 1034, Sir Wilham Pelham wrote to Lord Conway as follows 
“The greatest news from the country is of a huge pack of witches which are 
lately discovered m Lancashire, wherof it is said 19 are condemned and at 
least 00 already discovered, there arc divers of them of good abihty, and they 
have done much harm *Tis suspeaed that they had a hand m raismg the great 
storm wherem his Majesty was in so great dmger at sea m Scotland ” The 
women exammed by Harvey and his colleagues were the survivors of a batch 
of seven, three of whom had died in prison, and they had already been exammed 
by Bishop Bndgcman of Chester, who had made a hair-raismg report on their 
spintuai condition In due course Mr Alexander Baker and Mr William 
Clowes, both Surgeons to the Kmg, Dr Wilham Harvey, his physiaan, with 
six other medical men and ten midwives co-opted by them, proceeded to the 
Ship Tavern at Greenwich, where the prisoners lay, m order to make their 
examination On the report which was subsequently made Harvey’s signature 
does not appear, but instead of it that of Alexander Reid, M d , the Anatomy 
Lecturer at Surgeons’ Hall The upshot of the affair was that no physical sign 
of diabolical intercourse could be found on the bodies of any of the women, 
no abnormal teats, cutaneous discolorations, or satamc brandmgs And the 
report was sent m to that effect, statmg that the examination had been under 
the direction and in the presence of Dr Wilham Harvey 

A second tenet of the Greek matenahsts was that matter is not contmuous 
Before there were good thermometers httle was known about the expansion 
of sohds or hquids Compressibihty was especially the characteristic of matter 
m the airy state The recogmtion that air is matenal had to take account of 
this fact The Greek matenahsts drew the bold conclusion that matter must 
be made up of weighty particles separated by a variable expanse of empty 
space English physicists of the seventeenth century, engaged m studymg the 
rules of gas compression, naturally welcomed the revival of the atomistic 
doctrine A century later it furmshed the clue to the fixed proportions in 
whicn elements combme to form new compounds Seenungly the stage was 
now set for a great ^eoretical development of chemistry This did not come 
till a much later oate Like those who now tell usjthat economics in one 
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subject and psychology is another, the professional chemists of the day were 
soil following the trail of self-evident principles 

ELASTICITY, COHESION, AND ADHESION 

How the existence of pulling power exerted by the particles of which 
matter is supposed to be made up may affect the behaviour of matter in bulk 
is illustrated by the phenomenon of elasticity or the resistance of solids to 




Fig 210 — Adiilsion and Cohesion 

Tht cohesive power of \\ Uer is less than its adhesive power to glass Hence water (a) 
clings to glass and wets it, (6) exhibits a coneut meniscus, and (c) creeps up a fine 
tube The cohesive power of mercury is grciter thin its adhesive power for glass 
Hence mercury (a) docs not cling to gliss or wet it, {b) exhibits a convex memscus 
and (t) sinks below the gross equilibrium level in a /me ghss tube The height of 
a convex meniscus is easier to read than that of a column which wets glass Hence 
mercurv is better tor thermometers or barometers (It is also better for thermometers 
because it expands regularly over a wide range, and his a high boihng pomt It is also 
better tor barometers because it is \er\ dense and has a very low vapour pressure — 
see p 5(>() ) 

change of shape A large quantity of a liquid exhibits no analogous phe- 
nomenon It takes the shape of the \cssel in w^hich it lies, and presentl;; a flat 
level surface where it is free to move except m so far as the pull of terrestrial 
gravity holds it in position W hen the l^haviour of lic^uids m fine drops, 
thin films, and very narrow tubes is examined new charactenstics mamfest 
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themselves They were first studied in the same social context as the air 
pump and the water-wheel by an English clergyman, Stephen Hales, who 
published an account of experiments on the ascent of sap in 1727 
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1 iG 241 — The Earth’s Atmosphere 

One/)f these characteristics, called cohesion^ is seen when a soap film is 
stretched, or drops of oil are allowed to trickle on to a large surface of water. 
The other, called aJhestony is seen when a film of water clings to the finger 
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after it is withdrawn from water m which it was previously immersed 
According to the Newtonian view of matter, cohesion is interpreted as the 
result of ±e pull which particles of the same substance exen on one another 
The result of this is that whereas all the particles m the centre of a hquid 
are pulled equally m all directions, the particles at the surface can only 
pull on one another and those below them, and behave like a stretched sheath 
Hence the surface particles are only m equilibrium when they are all arranged 
symmetrically around the central bulk If this is small, so that the total 
pullmg power of gravity on the bulk of the fluid is also small, the liquid 
assumes the spherical form of a drop Adhesion, on the o±er hand, repre- 
sents the pulling power of particles of one substance on those of another 
When this is large compared with the force of gravity, as when the bulk of 
the water has trickled off the finger, it may be suflicient to resist further 
separation beyond a certam pomt A film of fluid therefore dings to the 
surface with which it is in contaa and “wets” it Some fluids exhibit very 
little adhesion for particular surfaces, and do not “wet” them 
In general, the behaviour of a hquid at its surface of contact with a solid 
is determmed by the mterplay of both these charactenstics If the fluid does 
not wet the sohd, 1 e if the power of adhesion is relauvely msigmficant as 
compared with cohesion, the surface of the hquid tends to assume the 
spherical shape so that the edge of the hquid m contact with the sohd is 
depressed (Fig 240), and the meniscus or air-hquid surface is convex 
upwards If the fluid does wet the sohd the edge of the fluid m contact with 
It 1 $ drawn upwards, and the memscus is concave upwards The result is 
that in tubes of very fine bore the rule that hquids find their own level is no 
longer true If the liquid (e g mercury) does not wet a glass tube, its surface 
is depressed appreaably below the gravity level If (e g water) it does wet 
the glass, it rises appreaably above it In exceedingly fine tubes, like the 
rmnute vessels in tlic wood of plants, or the narrow spaces between particles 
of soil, water may rise to a very considerable height on this account 
Capillarity, as the ascent of fluids in very fine tubes is called, can be illustrated 
by substituting a piece of dead bamboo for the wick of a paraffin lamp The 
paraflin creeps up the bores, and tlie bamboo acts as an effiaent wick In an 
ordinary oil-lamp or candle the wick itself acts m the same way The oil or 
molten wax creeps up to the flame through the fine spaces between the 
threads 


THINGS TO MEMORIZE 


1 The imual downward aecekrauon of a body of density D m a fluid of 
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density d is given by a 
2 Boyle’s Law pv = k, or, where d is the density p == Kd and d = K> 
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EXAMPLES ON CHAPTER VII 

1 In the following table the sign — indicates that the substance sinks, 
-f indicates that it floats and 0 that it does not decidedly do either Find the 
approximate density of each of the solids 


Liquid 

Density 

(gm 

per c c ) 

Larch 

wood 

Butter 

Beeswax 

Resin 

Glue 

Celluloid 

Gasolene 

0 69 

+ 





_ 





Ether 

0 74 

+ 

— 

— 

— 

— 

— 

Ethyl alcohol 

0 79 

+ 

— 

— 

— 

-- 

— 

Wood spirit 

0 81 

+ 

— 

— 

— 

— 

— 

Turpentine 

0 87 

+ 

0 

— 

— 

— 

~ 

Olive oil 

0 92 


-f 

_ 

— - 

— 

— 

Castor oil 

0 97 

+ 

+ 

0 

— 

— 

— 

Water 

1 00 

+ 


+ 

— 

— 

__ 

Creosote 

1 10 

4- 

+ 

+ 

0 

— 

— 

Glycerme 

1 26 

+ 

+ 

4- 

4- 

0 

— 

Chloroform 

1 4S 

+ 


4- 

+ 

4- 

+ 


2 Taking the density of mercury as 13 6 gm per c c , iron 7 8, gold 19 3, 
lead 11 35, silver 10 5, aluminium 2 7, and magnesium 1 74, calculate the 
acceleration with which each of these metals will begin to rise or fall under 
gravity when placed m {a) mercury, (h) chloroform, (c) water, (d) gasolene 

3 If the density of sea water is 1 025 gm per c c , what will be the pressure 
m kg per sq cm at a depth pf 1 km below the surface of the sea, neglectmg 
atmospheric pressure? 

4 A U-tube of uniform bore of diameter 1 cm is about half filled with water 
If the density of oil is 0 85 gm per c c , how many c c of oil must be poured 
into one hmb to make the level of the water rise 6 cm in the other? 

5 At what angle to the vertical must a glass tube open at the top and con- 
tainmg water be gradually tilted until the pressure at the foot of it due to the 
water is diminished by half? 

6 What is the ratio of the pressure on the upper half of one side of a cistern 
full of water to the pressure on its lower half? 

7 The lock gate of a canal is 14 feet wide and 9 fe6t deep How great is the 

pressure m tons weight on one side of it, if the water is level with the top and 
the density of water is 62 4 lb per cub ft ? ^ 

8 In a hydrauhe press the cross-sectional^eas of the small and large 
plungers are respectively I sq m and 100 sq m If the mechamcal advantage 
of the lever handle is 5, what is the upward force of the ram when the lever 
handle exerts a force of 1 cwt ? 

9 If the densities of glycerme, water, and ethyl alcohol, are respectively 126, 
1 0, 0 79 gm per c c , find the mitial acceleration of a piece of iron of density 
7 86 gm per c c falhng m each 

10 The diameter of a small plunger m a hydraulic press is 1 mch and that 
of the large plunger 1 foot \^at is the upward force exerted by the ram 
when a/downward force of 56 lb is applied to the smaller plunger? If the smaller 
piston moves through IJ mches m one stroke, find how far the ram has moved 
after 10 strokes . 

1 1 Fmd the heigpt of a barometer m which oil is used of density 0 845 gm. 
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per c c , knowing that the height of a mercury barometer is 752 mm and the 
density of mercury is 1 3 6 gm per c c 

12 A closed vertical tube has its open end mserted m a bowl of water It is 
noticed that the surface of the water is 10 feet below the closed end of the 
tube Knowing that the height of the water barometer is 33 feet, what is the 
pressure m the enclosed space due to the column of water? 

13 Observation shows that the barometer falls an inch for every 900 feet 
above sea-level A man takes a pocket aneroid barometer, which is used to 
determine the heights of mountains, up a mountam, ascending m 3 hours and 
descending in li hours The barometer registers 29 0 mches at the foot, 26 8 
inches at the top, and 28 7 mches at the foot of the mountam after descendmg 
Estimate the height of the mountam 

14 What IS the atmospheric pressure m lb weight on a circular disc 
3 mches m diameter? 

16 A man blowing mto one limb of a U-tube half filled witl\ mercury causes 
a difference of level of 4 cm m the two limbs What pressure does he exert m 
dynes per sq cm ? 

16 What IS the volume of a quantity of gas at standard pressure, i e 76 cm , 
if, when the barometer reads 72 cm , the volume of the gas is 159 c c ? Fmd the 
pressure at which it would have a volume of 200 c c 

17 A cylinder 12 mches long has a piston halfway down so that there are 
equal quantities of air on each side of it Fmd the ratio of the pressures on the 
two sides if the piston is pushed down so that it is only 1 mch from one end 

1 8 A closed tube 1 50 cm long is half filled with mercury, and its open end 
inserted in a bath of mercury, makmg sure no air escapes from the tube If the 
barometer reads 75 cm , what is the length of the mercury column m the 
tube? 

1 9 A depression of the mercury column m a barometer is caused by a httle 
air m the space at tlie top of the column, so that the barometer reads 28 mches 
instead of 29 mches, and 29 mches instead of 30 2 mches Determme the 
correct value of the atmospheric pressure when the erroneous readmg is 
29 4 mches 

20 A thin tube of soft glass is taken and a thread of mercury 8 cm long is 
drawn mto it One end of the tube is sealed off m a bunsen flame entrapping 
a quantity of air between the mercury and the end When the tube is suspended 
with Its closed end down, the lengtli of die air column is 16 1 cm , but when 
It is suspended with its closed end up, the length of the column of air is 20 0 cm 
What is the pressure of the atmosphere? 

21 It the mercury bar^ " v. " reads 45 mches mside a cylmdncal diving 
bell 8 tcLt high, of w'hich d^ \ o submerged 12 feet below the surface of the 
water, how high has the watei iisen m the bell^ 

22 If a litre (1,000 c c ) of dry air at 76 cm is found to weigh 1 3 gm , how 
much space does 2 gm of dry air occupy at die same temperature when the 
pressure is 70 cm ? 

23 A closed cylmder of secuonal area 10 sq cm stands 25 cm above the 
level of water m a wide dish The level of water m the cylmder is 20 cm above 
the level of water m the dish Fmd {a) the pressure of the air in the cylmder m 
terms of the mercury barometer, takmg the specific gravity of mercury as 13, 
(6) how high the cylinder will stand above the level of water m the dish, if it 
is depressed ull the level of fluid inside and outside is the same ' 

24 A rubber balloon weighs 0 6 gm With what accel^auon will it begin to 
fall if It is blown up till its cubic capacity is (a) 760 c c , (iijl 1 litre, (c) 2 5 litres? 
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Assume the pressure inside the balloon to be li atmospheres m each case^ and 
that the density of air is 0 0013 gm per c c 

25 When a U-tube hydrometer as shown m Fig 239 is inverted with one 
limb m mercury and the other m water, the fluids rise respectively to 0 75 cm 
and 9 75 cm when some air is sucked out A little air is readmitted, and the 
mercury drops to 0 4 cm What is the water level ? 

26 One limb of the same apparatus dips m mercury, the other m turpentme 
The level of the turpentine is 8 9 cm and that of the mercury is 0 6 cm Use 
the data of the last example to find the height of the water column if one hmb 
dipped m water and the level of turpentme in the other was 10 cm 

27 The glass tube of a mercury barometer of sectional area 0 75 sq m 
stands 38 inches above the level of mercury m a large deep dish The level of 
fluid m the latter does not vary appreciably when all the fluid m the tube is 
removed If the atmospheric pressure is 30 inches, how much will the mercury 
be depressed by mtroduemg a bubble of air (a) 0 001, (5) 0 01, (r) 0 1 cub in ? 

28 If at a certam temperature 1 gm of air occupies i htre, at 76 cm pressure 
on the mercury barometer, we can put mstead of pv = k 

76 X 1,000 = k 

At that temperature k has the value 76,000 when the unit of pressure is 1 cm 
of mercury and the umt of volume is 1 c c Similarly calculate for the same 
temperature the numerical value of k (a) when the unit of volume is the htre 
and the umt of pressure the “atmo/’ i e the pressure exerted by a column of 
mercury 76 cm m length, (b) when the unit of volume is the cubic centimetre 
and the umt of pressure is 1 dyne per sq cm (Density of mercury — 13 6 gm 
per c c 3 and g ^ 981 cm per second per second ) 

29 At 0° C 1 gm of hydrogen was found to occupy 11 2 litres at 760 mm 
on the mercury barometer At the same temperature 1 gm of oxygen occupied 
0 710 litres when the pressure was 750 mm , and J gm of nitrogen occupied 
0 789 litres at 770 mm Give the density m gm per c c of the three gases, and 
express to the nearest whole number the relative densities of oxygen and mtrogen 
takmg hydrogen (RD = 1) as standard 

30 The density of hydrogen at 0*^ C and 760 mm pressure is 0 00009 gm 
per c c The relative densities of ammonia, carbon dioxide, and sulphur dioxide, 
are respecUvely 8 5, 22, and 32 Find how much space at 0° C 1 gm of ammonia 
would occupy at 750 mm , 1 gm of carbon dioxide at 740 mm and 1 gm of 
sulphur dioxide at 770 mm 

31 The density of petrol is about 0 7 gm per c c and of cork 0 25 If air 
at 0° C and 760 mm pressure is J4J times and sulphur trioxide is 40 times 
as dense as hydrogen, compare the imtial a.cU^ition under gravity of a drop 
of mercury, a ram drop, a drop of petrol, an(i piece of cork, fallmg in each of 
these three gases at a place where g m vacuo is 32 ft sec ^ Use any relevant 
data m the foregomg examples 

32 At a place where the value of g is 32 ft sec ^ compare the period of a 
platmum pendulum which beats seconds m vacuo, if made to swmg in an 
atmosphere of (a) air, (b) hydrogen, (c) sulphur trioxide Neglect atmospheric 
resistance 



CHAPTER VIII 


THE REBIRTH OF MATERIALISM 

The Exhaustion of the Neolithic Economy 

Pharmaceutical establishments are sometimes called chemist’s shops Until 
the Industrial Revolution what chemistry was taught m the offiaal seats of 
learning was a branch of medicine According to a statement of Voltaire m 
the Dictionnaire Phtlosophique^ the Parliament of Pans m 1624 passed a law 
which compelled the chemists of the Sorbonne to conform to the teachmg 
of Aristotle on pain of death and confiscation of goods The great intellectual 
progress which occurred in the nascent Protestant democracies durmg ±e 
ensuing half century is illustrated by the words of Joseph GlanviU, who is 
notable for his tract on witch-burmng In his book Modem Improvements of 
Useful Knowledge published m 1675, GlanviU wrote 

Among the Egyptians and Arabians, the Paracelsians and some other modems 
chymistry was very phantasDc, unintelhgible and elusive But its later 
cultivators, and particularly the Royal Society, have refined it from its dross and 
made it honest and sober, and intelligible, an excellent interpreter to philosophy 
and help to common life hor thev have laid aside the delusory designs and vam 
transmutations, tlic Rosicrucian vapours, magical charms and superstitions, 
and formed it into an instrument to know tlic depths and efficacies of nature 
And this IS no small adv.mtage that we have above the old philosophers of the 
Notional way 

The Notional way was the phrase which Sprat (p 552) and the founders 
of the Royal Society referred to the Aristotelian attempt to found a saence 
on self-evident principles Lvents proved that chemists, like the economists 
of our own time, were reluctant to abandon i! In this chapter we shall 
sec how new’ social needs which accompamed the mdustnal expansion of 
the seventeenth and eighteenth centuries refined chenustry from the dross 
of Aristoiehan philosophy and the Rosicrucian vapours to which Joseph 
Glanvill alludes 

Mercury combines with the \ allow gas chlorine to form two different 
substances One is the hi^ly poisonous corrosive sublimate (mercuric 
chlondc), now used as an antiseptic for washmg wounds The other, which 
contains twice the ratio of mercury to chlonne by weight, is the purgative 
calomel (mercurous chloride) In an old cheimcal work, written b^orc the 
rccogmtion that air has weight, the formation of the calomel by grmding 
crystals of corrosive sublimate with the hquid metal itself was desenbed by 
the statement, '‘the fierce serpent is tamed, and the dragon so reduced to 
subjection as to oblige him to devour his own tail ” The words will not 
appear to be pure rhetoric, if we recall the expedients employed to mtke the 
supposedly imponderable spirits pass out of the air into the mgredieats of 
the retort Ancient number magic had associated the seven best-known 
metals with the seven bodies classified as planets m (he pre-Copcrmcan 
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astronomy the Sun with gold, the Moon with silver, Mercury with mercury, 
Venus with copper, Mars with iron, Jupiter with tm, and Saturn with lead 
Success in conjurmg the spirits which presided over chemical processes m 
which these metals formed compounds, or were extracted from their com- 
pounds, was not to be expected unless the experiment was carried out when 
the appropriate celestial body was makmg its transit above the meridian 
The various conjuncuons of the several planets offered specially propitious 
circumstances for carrying out reactions m which different metals participated 
Only three centuries have passed smce these behefs were widely accepted 



Fig 242 — An Old S\mbol Representing the Dissolution ot Gold 
IN Aqua Regia 

We are apt to dismiss them as magic, and to forget that the distmction 
between the world of matter and the world of spirit was a very tangible one 
when theology upheld witch-bummg In the sixteenth century its professors 
had not convemently fixed the boundary where the realm of possible proof 
and disproof ends Medieval Europe accepted the authority of Aristotle 
and of the Apostle Paul Accordmg to the Pauhne view stated m the First 
Epistle to the Cormthians (1 Cor xv 40-52), anythmg which did not obey 
the Anstotehan law of gravitauon was tpso facto spirit The resurreaed body 
was not invisible It was merely impionderable, as the vapours of the alchem- 
ical retort were then supposed to be A hteral behef m the resurrection offered 
no difficulties m an age when the basic processes of mcdicme and metalliugy 
were believed to be modelled on the same plan 
The discovery that air has weight, and that air is, m short, a form of 
ponderable matter, earned with it the recogmnon that there is a third state 
of me^ter m contradistmction to the hqmd and the sohd state Smce there 
are many different sorts of matter called sohds or hquids, it was natural to 
suppose that otherlsubstances may share with au the ch^actenstics which 


I 
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distinguish air from matter in the liquid or the solid state A new word 
gas now replaced “spirits,” derived from an equivalent Teu tome word which 
did not carry mto international usage the mystical content of its origmal 
mcamng It was first used by van Helmont in lb48, about the time when 
Torricelli’s experiments gave new and conclusive evidence for the weight 
of the air During the century and a half which elapsed between the death 
of van Hehnont and the beginmng of the nineteenth century the arts of 
manufacture received a new impetus from discoveries which made it possible 
to distinguish different forms of air, or, as we now say, different gases 
These discoveries led to new rules about how substances combine or can 
be broken down to form new ones What we call modem chemistry, m contra- 
distmction to the chemistry of antiquity or the Middle Ages, is the theory 
of manufacture based on the knowledge that different gaseous elements enter 
into the composition of dillerent objects of use 
T he recognition of the gaseous elements bears a very close relation to the 
growth of mimng and its problems in the sixteenth century Agricola’s De 
Re Mctallica (ir)(»<)) gives us a comprehensive picture of the class of techmeal 
problems which stimulated research into the physical properties of air 
T he story it tells is very different from the description of mmmg given by 
classical historians like Diodoms Siculus The miner is no longer a slave in 
a chain gang workmg under the overseer’s lash “A mmer, since we think 
he ought to be a good and serious man,” wntes Agricola, “should not make 
use of an enchanted twig, because if he is pmdent and skilled m the nature 
of signs, he understands that a forked suck is of no use to him ” The sixth 
book of Agncola’s treatise, dealing especially with the problems of pumpmg 
and ventilation (Fig 243), ends with a section on “the ailments and accidents 
of miners, and the methods by which they can guard agamst these ” It is 
not an exaggeration to say that these represent the two prmcipal themes 
which underlie the recogmuon of the mdividuahty of gases 

With the growth of deep-shaft mining for metals and the mtroducuon of 
coal as fuel in the latter part of the sixteenth century two new problems had 
emerged in the everyday hfe of mankmd One was What makes air foul to 
breathe or capable of sustaimng hfe? 1 he other was What makes air inflam- 
mable and explosive like gunpowder, or incapable of supporting combustion^ 
1 he phenomenon of combustion itself took on a new complexion through 
the introduction of gunpowder and the use of coal for fuel Previous sources 
ot fuel had been exclusively animal (e g tallow) or vegetable (wood and 
charcoal) lhat a secnungly mineral substance of “earthy” origm should 
produce Are was contrary to the prevailmg belief that all substances were 
bmlt up by combinations of earth, air, fire, and water, or of sulphur, salt, 
and mercury The introduction of steam power, beginning with such mven- 
tions as the Marquis ol W'orecster’s patent at the end of the seventeenth 
century, made the nature of combustion a topic of mcreasmg mterest Mean- 
while, the rapid industrial development which accompamed the successive 
introduction of water power and steam power was leadmg to the gi^dual 
exhaustion of the sources from which the crude chemicals employed the 
traditional methods of the cloth, nunmg, glass, and soap-makmg mdustnes 
were denved h 
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One important facet of the social background of the growth of chemicaJ 
saence m the seventeenth century is that warfare was making an increasing 
demand on gunpowder, and the success of the nsmg Protestant democracies 
depended on exploiting the new technique of self-defence and impenahst 
expansion Of the three most usual constituents of “gunpowder” — charcoal, 
sulphur, and saltpetre, i.e mtrates — the supply of the first from wood and the 
second from volcanic sources, ofifered comparatively httle difficulty The 
detection of sources of natural nitrates involved more analytical sophistication 
Concermng the discovery of gunpowder, various dates arc cited The truth 
IS that no precise date can be given The vanous reapes which are called by 
that name emerged gradually from the practice of incendiary warfare before 
the means of purifying the constituents as yet existed The use of burning 
pitch and oil, camphor and resms, to discomfit a besiegmg force is of great 
antiquity, and the certamty that explosive mixtures were known to the 
Qunese and in India before the use of artillery m Europe helps us to under- 
stand how the knowledge grew by easy stages In these countnes natural 
deposits of mtrates arc formed where there are manure heaps The acadental 
recogmtion that pitch contaminated with this natural “salt” would bum 
more vigorously cannot have been a specially remarkable discovery 

The natural salt was first known as “Chmese Snow,” later as saltpetre 
Crackers and rockets made of bamboo packed with saltpetre and combus- 
tible material were used as mccndiary devices before the construction of a 
metal cannon to propel a dart or ball was accomphshed m the thirteenth 
century The earliest rcapes of explosive or incendiary mixtures mclude, 
m addition to saltpetre, resin and brimstone (sulphur), sulphur and charcoal, 
or sulphur, charcoal and camphor as the combustible consatuents Once 
the metal case was mtroduced, the destructive possibihties of gunpowder 
became a dominant feature of military techmque, and a new industry which 
promoted the search for materials of dependable punty came mto bemg 
Marshall {Explosives, Vol 1) tells us that 

In the lourtcenth century gunpowder was only used on a small scale, and 
was made m ordinary houses with pestle and mortar We hear, for mstance, 
that the Rathaus at Lubeck was destroyed by fire in 1360 through the careless- 
ness of powder makers Berthelot has stated that there were powder nulls at 
Augsburg in 1340, at Spandau in 1341, and Licgnitz m 1348, but Feldhaus 
could find no confirmation of these statements in the archives of these towns 
There is no menuon of gunpowder or fire-arms in Augsburg before 1172 to 
1373, and the first powder mill was erected at Spandau in 1578 The scale of 
operauons gradually increased, and m HOI we find the first mention of a 
“powder-house'* in the Tower of London, powder was made there for many 
years, as also m Porchester Castle In the sixteenth century mills of considerable 
size were m existence the Liebfrauenkirche m Liegnitz suffered at this time 
from the effects of explosions m a mill near by In 1554 to 1555 a gunpowder 
mill is said to have been erected at Rotherhithe, and about 1561 George Evelyn, 
the grandfatlier of John Evelyn, the djirist, had nulls at Long Ditton and 
Godstone, having learned the methods of manufacture in Flanders \A few 
\Lars later he obtamed from Queen Elizabeth a monopoly of the manufacture 
ot gunpowder, which he and lus sons were able to maintain more or less until 
1636, when Samuel Cordcvvell obtamed the monopoly, ^hich was abolished 
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by Parliament m 1641, the year before the outbreak of the Civil War George 
Evelyn made a fortune out of gunpowder 

Among the first papers communicated to the English Royal Society we 
find an account of “History of the Makmg of Salt-Peter,” m which the 
author, Mr Henshaw, declares . . the only place therefore where salt- 
peter IS to be found m these northern countries is in stables, pigeon houses 
Henshaw gave a recipe for mabng “salt-peter” from the natural 
nitrate content of fertile eartli About 1650 the German chemist Glauber 
showed that saltpetre can replace manure as a means of restoring the ferdhty 
of exhausted sods He called his book The Prosperity of Germany The dis- 
covery of new sources of materials had now become a necessary prerequisite 
of prosperity How Glauber’s discovery that saltpetre can be used as a substi- 
tute for manure arose from the social practice of his times is illustrated well 
enough by the followmg passage from Marshall’s treatise on the history of 
Explosives 

In Europe there are very few localities where mtrate can accumulate m the 
soil to such an extent that a profit could be made by extracting it There is no 
prolonged dry season durmg which deposits can form without being washed 
away agam Consequently saltpetre could only accumulate m sheltered places, 
such as cellars and stables, especially those m which there was much nitro- 
genous matter undergomg decomposition As it was of the utmost importance 
in every country to have a sufficient supply of saltpetre, especially m time of 
war, Its production formed the subject of royal decrees and orders at an early 
date In France, officers (salpetners commissiones) were appomted m l'i40 to 
search for and extract saltpetre, and no doubt the industry was m existence 
some time before This edict was confirmed and renewed m 1572, and agam 
whenever France was wagmg a serious war The saltpetre workers operated on 
the earth of stables, sheep-pens, cattle-sheds, cellars and pigeon-houses, and 
on the plaster and rubbish removed when houses were pulled down They 
had the right to gather material everywhere, with scrapers and brushes in 
the houses, with picks and shovels m places not inhabited No buildmg or 
wall could be pulled down until notice had been given to the saltpetre workers, 
who stated which parts they wanted reserved In the reign of Loms XIII 

(1610 to 1643) the annual crop of saltpetre amounted to 3,600,000 lb , but it 
gradually diminished m the eighteenth century largely on accoimt of the strong 
objection the people naturally had to the presence of saltpetre workers in their 
houses and domams Until the sixteenth century saltpetre seems mostly 
to have been imported mto England, much of it commg from Spam, but m 
1516 Hans Wolf, a foreigner, was appomted to be one of the Kmg’s gunpowder 
makers m the Tower of London and elsewhere He was to go from shire to 
shire to find a place where there is stuff to make saltpetre of, and “where he 
and his labourers shall labour, dig or break m any groimd ” He is to make 
compensation to its owners And m 1531 Thomas ^ Lee, one of the Kmg’s 
gunners, was appointed principal searcher and maker of gunpowder 
gunpowder was only manufactured in England on a small scale until the second 
half of the sixteenth century when George Evelyn started mills on a compara- 
tively large scale Consequently there was httle difficulty before that time m 
obtaining sufficient saltpetre, but then it became necessary to grant the 
saltpetre men special pnvileges for digging up the floors of stables, dovecots 
and even private d\fi|elhngs, and the kingdom was divided mto a number of 
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areas in which the collection and working of the saltpetre was assigned to various 
people In 1561 Queen Fhzabeth granted Gerard Honrick, a Dutchman, £500 
(or £300) for teaching two of her subjects how to make saltpetre In 1588 she 
granted a monopoly for gathering and working saltpetre to George Evelyn, 
Richard Hills, and John Evelyn The monopoly extended over the whole of 
the south of England and the Midlands, except the City of London and two 
miles outside it In 1500 Robert Evelyn acquired the rights m London and 
Westminster from the licensees there As a rule, however, the Evelyns did 
not work saltpetre tliem selves, but bought it from the saltpetre men In the 
reign of Charles I there was considerable friction between the saltpetre men 
and the public, but it was probably due more to the weakness of the Crown 
than to any real difficulty m obtaining in England the quantity of saltpetre 
required, viz 1140 lasts per annum There was also competition between the 
saltpetre men and the soap-boilers for wood ashes, which were then practically 
the only source of potash and were required for the conversion of sodium 
nitrate mto the potassium compound The East India Company, then m 
Its mfancy, imported Indian saltpetre into England as early as 1625, and set up 
a powder mill m Windsor Forest, which, however, was stopped on the ground 
tliat It mterfered with the Kmg\ deer Next year the Company received a 
license to erect mills in Surrey, Kent, and Sussex At this time its importations 
were on a small scale, but when its charter was renewed in 1693 it was stipu- 
lated that 5(10 tons of saltpetre should be supplied every year to the Ordnance 
I ver since then, Indian saltpetre has been used very largely in England tor the 
manuiacturc ot gunpowder 

"1 he need for saltpetre affected chemical enquiry m two ways It provided 
a direct incentive to studymg the natural history of sails, and indirectly 
encouraged research into the way m wluch the green plant gets its food 
Glauber’s work, which showed that the saltpetre, le mtrate content, of 
manure is mainly responsible for its effect on the fertility of the soil, stimu- 
lated parallel enquiries in 1 ngland Such experiments on soil fertihty are 
among the hrst examples of chemical analysis, in which the weight of all 
the constituents of a reaction is tested The same care m measurmg the 
weight of substances taking part m a reaction is also shown in experiments 
suggested by the use of metallic alloys m making corns of the realm An 
account of such experiments by Lord Brouncker is given in Sprat’s History 
of the Royal Society 1 he paper entitled “Experiments on the Weight of 
Bodies increased in the Fire, Made at the Tower,” gives examples of metals 
which gain weight when heated m air 

Sprat’s Histoiv also mvnuons that the Roval Society had encouraged “the 
chymical examination of / rindi and wincs ” The “Proposal for 

Making Wmc” put forward by Dr Goddard, and included m Sprat’s 
collection of commumcations made to tlie Society in the first few years of 
Its work, contams a passage worth quoting 

It is recommended to the Care of some skilful Planters m Barbadoes, to try 
whether good ^^me may not be made out of the Juice of Sugar-canes That 
wluch may induce them to believe this Work to be possible, is this Observa- 
uon, that the Juice ot Wine, when it is dried, does always granulate mtc Sugar, 
as appears m Raisins, or dried Grapes and also that in these Vessels wherem 
a cute, or untermented Wine is put, the Sides are wont tc^be cover’d over with 
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a Crust of Sugar Hence it may be gather’d, that there is so great a Likeness 
of the Liquor of the Cane, to that of the Vine, that n may probably be brought 
to serve for the same Uses If this Attempt shall succeed, the Advantages of 
It will be very considerable For the English bemg the chief Masters of the 
Sugar Trade, and that fallmg very much in its Price of late Years, while all 
other outlandish Productions are risen in their Value, it would be a great 
Benefit to this Kingdom, as well as to our Western Plantations, if Part of our 
Sugar, which is now m a manner a meer Drug, might be turn’d into Wine, 
which is a foreign Commodity, and grows every Day dearer, especially seeing 
this might be done, by only bruismg and pressing the Canes, which would 
be a far less Labour and Charge, than the Way by which Sugar is now made 

The subsequent history of enquiries on these lines justified itself by the 
promotion of one of the earhest mdustries based on direct application of 
chemical knowledge The beet-sugar mdustry was destmed to play a most 
important part in the beginnings of what we now call “organic chemistry ” 
Cohen tells us that 

the presence of sugar m beetroot was observed m 174? by the German chemist 
Marggraf who suggested the culuvation of beet as a source of sugar, but the 
early attempts to utilize it commercially proved unprofitable The success 
of the industry dates from about the year 1830 when important improvements 
began to be mtroduced Careful selection of seed and improved cultivation 
nearly doubled the quantity of sugar in the beet The use of steam-heated 
vacuum pans gave a larger yield of crystallizable sugar and new mechamcal 
appliances for savmg labour lowered the cost of production 

Another mdustry which played an important part m creating the demand 
for chemical knowledge was the manufacture of earthenware and china In 
England it did so mdirectly by stimulating the demand for coal, as well as 
by Its immediate need for information about the nature of impurities in 
local clays and marls (bnckearths), the art of colourmg the finished product, 
and glazmg Dr Plot, one of the earliest secretaries of the Royal Society 
and a Professor of Chemistry at Oxford, in his book The Natural History of 
Staffordshire (lb86) tells us “for makmg the severall sorts of pots they have 
as many different sorts of clay the best being found near the coalc ” Thus 
the juxtaposition of coal and boulder clay seams on the site of an industry 
which made heavy demands on fuel for bakmg, made the Potteries a focal 
centre of mdustrial development in the eighteenth century Even in the 
seventeenth century it called for chemical skill The colours, says Plot, were 
obtained by usmg different varieties of “slip” clays — “except the motley 
colour which is procured by blendmg lead with manganese, by the workmen 
called magnus ” In a book on the history of the same county, pubhshed in 
1798, Shaw tells us that in the eighteenth century the natural clays of the 
neighbourhood were httle used, because they were metalliferous 

each having a portion of oxide of iron the clays from Dorset or Devon 
have all their impurities extracted before they are vended to the purchasers 
bemg extremely white when fired owmg to bemg scarcely impregnated 
with oxide of iron, which would make the ware yellow or red m proportion to 
the quannty of dsty 
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Wedgwood, the *Trmce of Potters,” was in the forefront of the cultural 
renaissance m the latter half of the eighteenth century As an mdustnal 
leader, he founded the first chamber of commerce m England As an experi- 
menter, he was elected a Fellow of the Royal Soaety on his own merits His 
attitude to the relations of industry and saencc comes out m a letter to 
Bentley (1767) 

I am going on with my experiments upon vanous earths many of my 
experiments turn out to my wishes and convince me more and more of the 
extensive capability of our manufactures for further improvement such a 
revolution i$ at hand and you must assist m and profit by it. 

As with coal mining, the human problem of the Pottcnes had repercus- 
sions in the domain of chemistry At the end of the eighteenth century 
interest in occupational diseases (see Chapter XVI) had matenahzed in a 
lively public hedth agitation, of which one of the most notable figures was 
Dr Percival, of Manchester Percival and Dr Gouldsdon, of Liverpool, 
vigorously exposed the dangers of lead poisonmg m the gla7mg of Pottery 
products Wedgwood was much embarrassed by their pamphlets We find 
him writing to Bentley (about 1775), “I will try m earnest to make a glaze 
without lead, and if I succeed will certainly advertise it ” Leadless glazes, 
of which the ingredients were either hme, alkalme carbonates (“potashes”), 
or borates (imported from Tuscany), iivcre mtroduced in the latter end of the 
eighteenth century under the impact of the public feeling aroused 

"Ihc new sense of social responsibihty which emerged tn the medical 
profession m the latter half of the eighteenth century also revived interest 
in the problem of ventilation which had ansen earlier m connection with 
deep-shaft mmmg for coal and tm Davy, who seems to have acquired his 
interest in theoretical chemistry from an early friendship with the younger 
son of James \X^att, the engmeer, obtamed his first saentific employment m 
the “Medical Pneumauc Institution” at Qifton, Bristol This was founded 
by Beddoes, who — partly on account of his strong Jacobm views — had left 
the chair m chemistry at Oxford to take up medical pracuce Davy’s first 
important chemical researches were concerned with laughmg gas (mtrous 
oxide), and one of his great mvenuons was the miner’s safety lamp 

RESPIRATION 

Among the “information they have given to others to provoke them to 
enquire,” Sprat mentions that the founders of the Royal Soaety mclqded 
in their programme ‘*the fatal Effects of Damps on Minejs and the Ways 
of recovering them ” The human aspect of ventilation m mmes was not 
the only practical issue which provoked enquiry into respiration In the 
same context as “Relations of deep Mtnes and deep Sprat also 

mentions 

Relations of Dtvers and Dtvtngy their Habit, their long holding of breath 
and of other notable Things observed by them ^ 

In the social context of early coal ininmg the discovery that air is a form 
of matter was highly propinous to a systematic attack oi the subject-matter 
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of Agncola’s book dealing with “health and accidents of miners ” The im- 
portance of this theme is borne out by the fact that “pneumatic’* chemistry 
was a recognized major branch of the subject durmg the eighteenth century 
Dunng the Middle Ages breathmg had been a spiritual accomphshment 
The identification of “spirits” with the gaseous state of matter is imphed 
by the synonymous use of the Latm word anima for soul and breath Soj 



Fig 244 — The Valves in the Veins 

On the left the figure shown by Fabricius On the right diagrammauc view of 
three sets of valves 


too, the Hebrew scnptures declare that man became a hvmg spirit when 
the Deity breathed mto his nostrils the breath of life Such assertions offered 
no difficulties to the hterate classes of Europe while they contmued to share 
Anstotlc’s contempt for slave labour Modem doubt begms with the study 
of the common pump 

Preasc information about what breathmg really mvolves came through 
the rccogmtion that the heart performs the part of a pump maintaining a 
contmuous circulation of blood from the lungs to the tissues, and the tissues 
to the limgs In the latter half of the sixteenth century Servetus had con- 
cluded that all the blood from the nght side of the heart is pumped through 
the mmute vessels of the lungs and returns thence to the left Owmg to a 
difference m celestial anthmeuc between himself and Calvm, who had lately 
cstabhshed the kmgdom of God m Geneva, Servetus was burned at the 
stake before he had} time to complete his researches Half a century elapsed 
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before the English physician Harvey convinced his contemporaries that the 
blood from the left side of the heart is pumped through the minute vessels 
of the rest of the body before its return to the right side, where it is dispatched 
to the lungs As a result of Galileo's experiments, the pump had become 
an object of scientific interest Fabncius, under whom Harvey studied at 
Padua, had discovered that the veins have watchpocket valves which can 



1 iG — Harve\’s Figure to Illustrate His Experiment 

(From Smger ) 


only let blood pass one way, as the valves of a common pump only let water 
pass one way (Fig 244) Fabncius was a colleague of Galileo Harvey was 
a fellow-student with Tomcelh 

A conclusion which rests on so few and such simple expenments might 
have been made by the physicians of anuquity, if an understanding of the 
way in which a pump-valve acts had been part of theu: social culture With 
the discovery of the conunuous circulation of the blood a long famihar fact 
about the body was endowed with new mterest 1 he “venous” blood which 
returns to the right side of the heart from the tissues and passes thence to 
the lungs is dark purple The “arterial” blood which issues from the lungs, 
and IS pumped by the heart into the mam artenes, is bright scarlet The 
blood undergoes a definite and very obvious change through commg mto 


contact with the air taken mto the lungs 

One of the first experiments which Boyle demonstrate to the Fellows of 
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the Royal Society was the faa that an animal dies at once when all the air 
IS exhausted from a vessel in which it is placed He also showed that a hghted 
candle is extingmshed by the same treatment, and that sulphur and charcoal 
refuse to bum if heated m a vacuum, though they burst mto flames when air 
IS admitted Gunpowder, which is a mixture of nitre (saltpetre), sulphur, and 
charcoal, did not behave m the same way In a vacuum it was found to bum 
readily Hooke proved that animals can be kept alive, when their normal 
respiratory movements are prevented, if air is blown through the lungs with 
bellows He also showed that the respiration of an animal or the burmng of 
a flame lasts longer m a large than in a small closed space contammg air 
Lower, another member of the same coterie of English men of science, 
showed that dark “venous’’ blood obtamed by cutting a vein becomes bright 
scarlet when shaken with air Thus the change of colour was due to “the 
particles of air msmuatmg themselves into the blood ” In an early publication 
of the Royal Society, Slare (1693) develops the conclusion a little further by 
analogy with experiments in which solutions of copper compounds changed 
colour in a vacuum Curiously enough he did not carry out the simple experi- 
ment to show that arterial blood acquires the purple hue of venous blood 
when shaken m an exhausted vessel connected with an air-pump This was 
done by Priestley a century later 

The power of gunpowder to ignite when heated m a vacuum suggested to 
Hooke that combustion depends on the combmation of substances with a 
constituent common to air and mtre Proof was provided by Mayow, a 
contemporary Enghsh physician {area 1670) Mayow adapted an experiment 
which had been carried out centuries before his time In classical antiquity 
It was known that a candle burmng m a space closed by mvertmg a glass 
vessel over water makes the latter rise m the vessel (Fig 246) Mayow repeated 
this experiment, subsututmg a mouse for a candle, with the same result, 
1 e the water level rose The mouse eventually died, just as the candle-flame 
is eventually extmguished Thereafter the residual air will no longer support 
life or combustion 

Adoptmg the atomistic views of Hooke, Mayow drew the radical conclusion 
that air consists of two sorts of panicles One son is taken up by the lungs, 
or used by the candle-flame, and another is incapable of takmg part m com- 
bustion or respirauon Havmg shown that the residual or foul air could be 
made smtable for breathmg, or combusuon by heatmg the mtre (or saltpetre) 
used m makmg gunpowder, he concluded rightly that respiration and com- 
bustion both result m removmg the same “nitro-aenal particles ” These 
mtro-aertal particles^ or as we now say atoms of oxygen, make it possible for 
gunpowder to explode m a closed space Thus air is not a simple substance, 
or element mcapable of further dissolution It contams at least two gaseous 
constituents, one bemg present m saltpetre If Mayow’s fundamental experi- 
ment had been carried out with an air-trap of mercury mstead of water, no 
nse of level would have happened as the air lost its power to support life 
and flame Mayow showed that air was deprived of one of its constituents 
without realmng that this constituent was replaced by another gas, the 
charaaeristics of which were first studied by Black (1754) in the middle of 
the eighteenth centi^ry 



414 Science jor the Citizen 

Van Helmont was led to invent the word gas by discovering that the 
bubbles produced m fermentation and the “air” in which charcoal had been 
burned to ashes, are both unable to support combustion Hence they are not 
idenucal with ordmary au: The “gas sylvestre” which van Helmont collected 
from the wme vat was found to turn a solution of lime milky Black found that 
the bubbles of gas given off when aads are poured on chalk, and the air we 
breathe out, both have the same charaaenstic He thus showed that the 
oxygen which is taken from the air by breathing or by the combustion of 
charcoal is replaced by another gas, which he called fixed atr This fixed 



Fig 2 in — Bltrnivg a Cai^lb in a Closed Space 

lo measure the volume of air at the end of the experiment the glass jar must be 
depressed nil the level of the water inside it and outside it is the same TTie residual 
gas in the vessel is then at the same pressure (atmospheric) as at the beginning of the 
experiment 

air, which we now call carbon dioxide or carbomc acid gas, is unlike the air 
wc breathe mto our lungs in many ways For mstance, it dissolves readily 
in water, with which it forms a shghtly acid solution Hence it disappeared m 
Mayow’s expenment, leaving the air less dense The water therefore rose to 
equalize the pressure 

Black was a professor in Glasgow, and later m Edmburgh Umversity His 
many fundamental discoveries m chemistry and physics will be referred to 
again and agam He was the central figure of a bnlhant cotene of Scotsmen 
about whom more will be said The acuviucs of this aide show how theo- 
retical science contmually renews its youth by the mfusion of new problems 
denved from the common experience of mankmd and from contemporary 
soaal needs The immediate problem which prompted Black’s researches 
on lime is mdicated m the biographical sketch accompanymg Kay’s Ongtnal 
Portraits 
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Wc are informed by himself that he was ied to the examination of the 
absorbent earths partly by the hope of discovering a new sort of hme and lime- 
water which might possibly be a more powerful solvent ot the stone than that 
commonly used The attention oi the pubhc had been directed to this subject 
for some years Sir Robert, as well as his brother Horace, afterwards Lord 
Walpole, were troubled with the stone They imagined they had received 
benefit from a medicme invented by Mrs Stephens, and, throu^ their mterest 
pnncipally, she received five thousand pounds for revealmg the secret It was 
accordmgly pubhshed m the London Gazette on June 19, 1739 This had 
directed the attention of medical men to the employment of lime-water in 
cure of the stone 

The eminence of the Walpoles would not have ensured immortaliiy to 
Black if other and more important circumstances had not arawn attention 
to his work Shyness and ill-health prevented Black from pubhshmg his 
important discovenes on heal They were commumcated verbally to the 
Newtonian Society of Edmburgh, and they would have passed unnoticed, if 
they had not mspired the mvention of Watt’s steam engme (see pp 584-89) 
His friendship with Dr Roebuck, who started large-scale commercial manu- 
facture of sulphunc aad, brought Black mto contact with social forces which 
could find a use for new knowledge But for that his discovery of fixed air 
would have been buried m the medical thesis m which it was aimounced 

Dr Roebuck, a physician from Birmmgham, estabhshed a sulphuric acid 
factory at Prestonpans m 1749, started the famous ironworks at Carron m 
Stirlmgshire m 1760, and leased the Duke of Hamilton’s coalfield to use pit 
coal for reduemg iron ores Scotland, which had lagged behmd England m 
the exploitation of its mineral resources, had begun to develop rapidly m 
this direction after the Act of Umon and the Stuart rebelhons Coal mining 
was extended m Fifeshire and m the Lothians, where the Newcomen engme 
was mtroduced for pumpmg In 1755, when an Edmburgh Society was 
estabhshed to promote the arts and manufactures, social conditions m 
Scotland were comparable to those m England when the Royal Society was 
founded. Industry was primarily concerned with the search for materials, 
and chemistry was therefore m demand 

Mechanizauon had begun m the coalfields, where Newcomen’s atmo- 
sphenc engme was m use, when Black and Roebuck provided financial backmg 
for a young techmeal assistant m Glasgow Umversity to improve its design 
In 1765 Watt is carrymg out experiments on their behalf to test a process for 
makmg alkah by the decomposiuon of lime and sea salt Hamilton {The 
Industrial Revolution in Scotland) tells us that the middle of the eighteenth 
century was also a period of rapid agrarian development m Scodand. Francis 
Home, Professor of Materia Medica and a promment figure m the Edmburgh 
circle, IS busy findmg out ‘'how far chymistry will go m settlmg the prmciples 
of agnculture ” His treause was pubhshed (1775) a year after the presentauon 
of Black’s thesis Interest m capitahst farmmg had been an outstandmg 
teature of the programme which the Lnghsh Royal Soaety had undertaken 
m the first decade of its existence, when Glauber had iately shown that 
saltpetre is the “active prmaple” of manure These early researches on soil 
chemistry led Frances Home to important discoveries which laid the found- 
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ations of commercial soil chemistry A year after the pubhcation of his 
Principles of Agriculture he received a gold medal from the “Honourable 
Board of Trustees for the Improvement of Manufactures m North Bntam” 
m recogmtion of his “Experiments on Bleachmg We are told m Kay’s 
Portraits that “he received many testimomes of emment manufacturers whose 
art It had much improved ” He was mstrumental m mtroducmg sulphuric 
acid for use m bleachmg linens and thus created a new commercial demand 
for the parent substance of modem chemical mdustry 
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Fig 247 —Measuring the Volume op a Gas 

In measuring ihc volume of a gas m a graduated glass vessel over a fluid, it is important 
to depress tht httcr till the level of the fluid inside and outside it is the same If not, 
tlicrc will be a pressure dillerenct betv^een tlie gas and the outside air depending on 
the height to whieh the water rises Suppose m the first cylmder (i), of secuonal area 
a sq cm , the length of the empty column is a: cm , then its volume is ox c c If the 
oxygen IS nvid up, c g by burning magnesium in it, the residual volume is 'ax, and 
the height of the dead spaec 'x when the pressure is the same as before (i e in equih- 
bnum with tin. atmosphere) lo make it equal (iii) the cylinder must be pushed down 
a little OtheivMse, the fluid will rise as it has risen v cm in (ii) The volume of the dead 
spaec m (lO is therefore a(v — y) It the fluid is mercury and the atmospheric pressure 
IS P cm of mercury, the difference in pressure between the outside air and air m (u) 
IS y cm ot mercury, and tlie picssurc ot air in (ii) is therefore P — y cm of mercury So 
ri'ax) = A (P — y)aix - y) 

Ihc only unknown quaniiiy here is y, if the barometric pressure is known, and the 
height to which the tluid will rise is calculable If the fluid is water the numerical value 
of P IS n b umes the figure lor the mercury barometer 


In Black’s researches on bme the Aristotehan belief that chemical changes 
result from combinations of the “volatile” and imponderable elements air 
and fire with wcighable matter in its elemental forms of water and earth, 
IS making \\ay for the modern view Black found that fixed air is given off 
w hen chalk is heated to form quicklmie, and estimated the quantity of fixed 
air which is combined with lime (calcium oxide) to form chalk by weighing 
the quicklime produced when a weighed quantity of chalk was heated He 
determmed how much chalk and how much quicklime are required to 
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neutralize an acid, i e to make the acid no longer able to change the colour 
of a dye like litmus, and found that the weight of lime which neutrahzes an 
acid without producing effervescence is equivalent to the weight of lime 
produced by heatmg the amount of chalk required to neutrahze the same 
amount of acid Hence the gaseous constituent combmed with hme m chalk, 
and hberated as bubbles when acid is poured on the latter, does not affect 
Its power to neutrahze an acid 

The interest which Black’s researches aroused in men of Roebuck’s type 
was partly due to the fact that commercial production of alkah was becommg 
an imperative need of textile mdustry The older chemists had used the word 
alkah for any substance which neutralizes an acid Quickhme, potashes, and 
caustic potash, obtamed by boihng a solution of potashes with hme, were all 
‘‘aikahs ” Black showed that the potashes of mdustry (potassium carbonate), 
hke chalk, liberate fixed air when acted on by acids His experiments proved 
that the way m which chalk and potashes are built up has more in common 
than the way m which quicklime and potashes are built up We express this 
today when we say that both belong to the class of compounds called car- 
bonates 

Two new methods of enquiry w^ere emergmg Each had tremendous 
consequences for the future of man’s command over the materials at his 
disposal Hitherto chemists had classified the quahties of substances by their 
usesy and had neglected the observed quanDties m which they combme About 
this tune they begm to classify them by their constituents^ and to study the 
proportions m which their constituents are combmed by weight The former 
makes it possible to make a comprehensive survey of the sources of materials 
for social use The second tells us whether the yield we can expea from a 
particular source )ustifies the effort expended One difference between the 
chemistry of today and the chemical art of the Middle Ages hes m the fact 
that It can tell us all the possible sources from which we can get material 
subsututes and the yield we can get by using them 

Medical men and pharmacists like Black, Francis Home, and Scheele were 
promment among the theoretical leaders who prepared the way for the rise 
of chemical industry, and Roebuck and Keir, two of the leading entrepreneurs 
of the penod {vide infra)y were medically quahfied Smce chemistry was not 
as yet separated from the practice of medicme it mevitably benefited from 
the contemporary revoluuon in biological classification The classification 
of plants arose out of the social practice of ancient medicme Commer- 
cial horticulture, seed production for agriculture, and the systematic pohcy 
of surveymg the unexploited w^ealth of new countries durmg the period 
of colomal expansion which mtervened between the discovery of the New 
World and Cook’s Austrahan voyage, conspired to give a new and powerful 
impetus to biological classification This reached its zenith m the Systema 
Naturae of Linnaeus published in the middle of the eighteenth century 
Linnaeus set forth a classification of the “mmeral kingdom” along with that 
of animals and plants In this he followed a practice which grew out of the 
instrucuons which Elizabeth issued to her sea captams The proceedings of 
learned academies from 1650 to 1670 contain innumerable miscellames of 
local information ahput plants, animals, or mmerals, commumcated from 

p 
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colonies, like Ceylon or Malabar Such accounts were often based on coUec- 
uons made with direct encouragement from colomal governors Although 
Linnaeus himself did not embody the results of new knowledge about 
cheimcal composiuon m his classification of the mineral kingdom, it was 
important because it focussed attention on a new theoretical need 


EXPLOSIONS 

Let us now see how researches suggested by the properties of gun- 
powder and by explosions in coal-mmes conspired to stimulate other dis- 
coveries about ±e individuahty of gases The former encouraged the study 
ol the gas called sulphur dioxide Sulphur and charcoal both bum m air If 
they are impure there is a small sohd residue of salts If sufficiently pure they 
leave no solid residue The burning of sulphur is accompamed by the form- 
auon of very pungent fumes, which dissolve m water to form a solution 
which afifeas vegetable dyes, such as htmus, m the same way as the mineral 
aads Similar fumes are produced in the absence of air when sulphur is 
heated with another constituent of gunpowder — saltpetre or mtre The 
explanation ol this hes in another fact When heated alone, mtre gives off 
a “gas*’ — oxygen which sustains combusuon more readily than air itself, 
and makes foul air shaken with water suitable for breathing When mtre is 
mixed with sulphur and charcoal, this gas is taken up by the sulphur and 
charcoal with die formauon of two gases, fixed air (carbon dioxide), and 
fumes ol burnt sulphur (sulphur dioxide) An explosion is nothing more 
than the sudden change of volume which occurs when these gases are Uberated 
m a closed space Put m modem phraseology, these were essentially the 
conclusions to which Boyle’s experiments with his air pump led him In his 
famous book, the Sceptical Chymisty he roundly attacked the doctnne accepted 
by nearly all his predecessors who interpreted the use of heat to facilitate 
chemical changes as proof that fire dissolves complex substances mto simpler 
ones He rejected the behef that there were only a few elementary substances 
w'hich participate m chemical processes 

A clue to the nature of explosions m coal-mmes was found when Qayton 
(lOiil) prepared an “inflammable air” by heatmg coal m a retort A few years 
later the physician Stephen Hales, who first made experiments on the pres- 
sure of the blood, recorded the observation that 158 grams of Newcastle 
coal yield 1 80 cub in of the new gas Coal gas is not a smgle cheimcal sub- 
stance of constant composiQon 1 hough its discovery did not, therefore, 
intrmsically add to the existing stock of knowledge about how substances 
combme, it presented two arresting features which quickened the growmg 
recogmuon that a great variety of different substances exist m the gaseous 
state It was mflammable and hghter than air The search for other gases 
received a powerful mipetus from its novelty, and was also reinforced by the 
fact that acids were now bemg manufactured on a commercial scale In the 
middle of the eighteenth century Cavendish made a thorough exammation 
of the bubbles given ofi from the acuon of strong aads on metals He mtro- 
duced a simple device (Fig 248) for collectmg them, and thus discovered a 
new mflammable gas which proved to be much hghter than air or coal gas. 
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Coal gas bums in a closed space with a sooty flame In abundant air, water 
vapour is produced, and the residual gas turns lime water milky The gas 
that we now call hydrogen^ which Cavendish (1766) obtained from the action 
of sulphunc acid on zinc or of hydrochloric acid on tm, burns without the 
production of soot or fixed air (carbon dioxide) The only product of its 
combustion is steam, i e water m the gaseous state 
The discovery that water is a compound substance was made by Priestley 
two years after he joined the circle of James Watt the inventor, in 
Birmingham (see page 431) The Aristotelian catalogue of elements, from 
which air had been removed, therefore sustained a second rude shock 
from the discovery of hydrogen Elemental water could now be made by 



apparatus for collecting hydrogen gas by the action of hot, strong hydrochloncjacid 
(introduced through the tliistle funnel) on tm, or of sulphuric acid on zinc |The 
cy Under in which the gas is colleaed over water is at first completely full of water 
To collect a water-soluble gas like carbon dioxide or ammonia, mercury or paraffin 
should be used instead 

combining hydrogen, a constituent of acids, with oxygen, a constituent of 
elemental air 

The temper of the times had moved far from witch burning when a new 
secular miracle added to the prestige of chemical science Black had demon- 
strated the ascent of toy balloons filled with coal gas, and subsequent events 
soon brought its novelty mto ±e arena of everyday life In the year 1782 
two Frenchmen, the brothers Montgolfier, devised a startling demonstration 
that hot air is less dense than cold A large silk bag with an openmg at the 
bottom was held by ropes over a bonfire When it was deemed to be suffici- 
ently full of hot air, the ropes were released, and the first balloon made its 
ascent A year later a similar attempt was made, this time with a earner in 
which a duck, a hen, and a sheep were sent up Owmg to the carelessness 
of the sheep, the results were fatal to the hen Otherwise the experiment was 
a tnumph In the sa^me year Rozier made an ascent, traversing a distance of 
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over five miles, ir a hot-air balloon Meanwhile Charles had constructed a 
hrge hydrogen balloon m Pans A great concourse collected at the Champs- 
Elysees to witness the spectacle His success made it possible to remain m the 
air without fear of bemg forced to descend owmg to coolmg In 1784 
crowds collected in the Strand to see the first ascent m a hydrogen balloon 
by Lunardi, and a year later Blanchard crossed the channel The Soho 
group, to which we shall refer later on, took an active interest m the possi- 
bihties of the mvention Prosser tells us that John Southern, a Fellow of the 
Royal Society, employed by Boulton and Watt, 

was the author of a tract on balloons, published at Birmingham m 1783 at 
the time when the ascents by the French aeronauts were exciting much 
attention 

HFAT AND WEIGHT 

The belief that earth is an element was never more than a figure of speech 
It had made way for a more literal statement of fact long before air had been 
recognized as a complex substance with wcighable constituents, of which 
one is also present in water T he elemental nature of fire was the last of 
Aristotle’s catalogue to succumb The materialism of Democritus had drawn 
a clear and correct distincaon between heat which accompames motion — 
or, as we should say, friction — and heat which accompames chemical changes, 
which may also be associated with light when we see a flame According to 
the materialistic doctrine of the Greek atomists, heat, like hght, is merely 
one of the ways in which our sense organs detect the presence of matter 
Such a view was far too sophisticated for the behefs of a primitive civilization 
Fire had a host of hallowed associations — calendrical, sacnficial, and sexual 
— in all the ancient m>stcry religions Children were passed through the 
fire to Moloch, and virgins attended the sacred flame which never failed The 
divine fire was also the logos spermatikos, the light that hghteth every man 
In Platonism, Stoicism, Gnosticism, and Mithraism, from which Christian 
theological ritual severally derived so many of its ingredients, fire was an 
object of veneration, and a symbol ot unspeakable mysteries It is little matter 
tor surprise that Fire was the last of Aristotle’s elements to go 

It retained its hold most tenaciously in the oldest branch of chemical 
technology Two basic processes of metallurgy had persisted unchanged 
from the dawn of the Iron Age till the introducDon of pitcoal to replace 
charcoal For extraction ot some metals, it was sufficient to roast the ore or 
calx with charcoal m a closed space Chalk was also added as a “flux” to 
combine the quartz and clay present in the ore mto a fusible glass which 
could be easily separated from the metafile mass Another source of metal, 
the sulphureous ores, could only be extracted by previous roasting m a current 
of air This was accompamed b> the evolution of sulphureous fiunes (sulphur 
dioxide) On subsequent reducuon with charcoal the calx formed from the 
sulphureous ore yielded the metal Alchemical experiments with metals 
had added three important items of additional mformation 

(a) Some metals, especially tin and mercury, could be converted mto 
cahts (oxides) bv heating strongly in air 
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{h) The formation of the calx is accompamed by increase of weight 
(c) Some metals, e g iron, yield sulphureous ores (sulphides) when strongly 

heated with sulphur m a closed space 
In addition to the seven metals associated with the seven pre-Copermcan 
“planets” two others, antimony and zmc, had been worked as early as 1000 b c 
Thereafter practically no progress was made m practical metallurgy, and 
no new facts of theoretical importance, other than the three stated above, had 
been ascertamed till towards the end of the eighteenth century In ancient 
metallurgy the use of charcoal to reduce the oxide ores, and the preliminary 
treatment of sulphureous ores m the blast furnace, were empirical facts 
Their significance resided m the mysterious properaes of fire Failure to 
form correct conclusions about the way ores are built up made it impossible 
to lay down rules for seekmg new sources and sorts of metal 
In the fight of what we have now learned about combustion and explosion. 
It is easy to see what happens in the extraction of metals The sulphureous 
ore is a compound (sulphide) of metal and sulphur The sulphureous fumes 
(sulphur dioxide) and c^ (metallic oxide) formed m the roastmg furnace are 
compoimds of oxygen with sulphur and metal respectively The air of the 
blast furnace supphes the oxygen (or nitro-aerial particles) which converts 
the Sulphur of the ore mto sulphur dioxide, and the metal of the ore into 
metalhc oxide The charcoal or coke used m reducmg the calx is consumed 
when It bums, for min g fixed air (carbon dioxide) by combmmg with oxygen 
In a closed space it cannot take this oxygen quickly from the air It takes it 
slowly from the ore, as it takes it rapidly from the nitre when gunpowder 
ignites in a vacuum The formation of a calx from a metal when heated m 
air is essentially hke the combustion of charcoal to form fixed air The only 
difference is that charcoal ignites at comparatively low temperatures, whereas, 
with a few exceptions like the magnesium of flash fight photography, metals 
only combme rapidly with oxygen at very high temperatures The entire 
sequence of changes when metals are extracted will be made clear if we now 
separate the known facts from what we now know to be the correct explan- 
ation 

The known facts were 

(1) sulphur (sohd) -f metal (solid) = sulphureous ore (solid) 

(e g iron) (eg pyrites) 

(2) sulphur (sohd) + oxygen (gas) - sulphureous fumes (gas) 

(of the air) (sulphur dioxide) 

(3) metal (sohd) + oxygen (gas) — calx (sohd) 

(of the air) 

(4) charcoal (sohd) T oxygen (gas) = fixed air (gas) 

(of the air) (carbon dioxide) 

The likely explanauon of the industrial processes was therefore — 

(5) In the roasting furnace, 

sulphureous ore j- oxygen ^ calx 1- sulphur dioxide 

(6) In the closed fiimace, 

calx + charcoal — metal + carbon dioxide 
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For complete proof of this it was necessary to show 

(a) that the mcrease of weight when the calx is formed from its metal is 
due to the disappearance of an equivalent weight of oxygen, 

{b) that the gases formed in the roasting and closed furnaces were respec- 
tively identical with those formed when sulphur and charcoal bum m 
air, 

(c) that the difference between the weight of calx used and metal formed 
IS equal to the difference between the weight of fixed air produced 
and the weight of carbon used up 

The first step (a) had already been surmised by a French chenust Rey (1630), 
who had absorbed GahJeo’s doctrine, before Boyle, “with the help of our 
engine,’" had shown how he could “weigh the aire as we weigh other bodies 
m Its natural or ordinary consistence “Let all the greatest mmds m the 
world/* said Rev, “be fused mto one mmd, and let him seek dihgently on 
the earth and in the heavens, let him search mto every cranny of nature 
he will only find the cause of this augmentation m the air "" The last step (c) 
was made possible by Black’s discovery Carbon dio;ade turns a solution 
of lime milky because it precipitates the msoluble compoimd calcium car- 
bonate (chalk) Black had found the weight of carbon dioxide m a given 
quantity of chalk So the quantity of carbon dioxide m a given quantity 
of air can be ascertamed by shakmg it with lime water, filtermg off the 
precipitate, drymg the latter and weighing it 

Even the English physicists, whose “mtro-aerial particles” offered the 
necessary clue to the nature of combustion, were readier to recognize its 
kmship to the breath of life than to probe mto the Promethean secrets of 
metallurgy Boyle himself stuck to the belief that metals like tm and lead, 
which readily form oxides when heated m air, mcrease m weight by absorbmg 
the fiery particles with power to penetrate the walls of the furnace Mean- 
while a school of contmental chemists preserved the punty of their studies 
from contaminaaon with the growing knowledge of the nature of heat by 
fabneatmg a doctrine which may well commend itself to those economists 
who believe in the possibility of erectmg saence on a foundation of self- 
evident prmciples The doctrine of phlogiston, which was the last attempt 
to sustam the elemental nature of fire, was concocted towards the end 
of the seventeenth century It provides an instructive example of the way 
in which facts may be used to illustrate instead of to test the truth of a 
theory 1 he argument runs as follows It is self-evident that if thin gs bum, 
they must contain the fire principle A combustible substance is, therefore, a 
combmation of a calx or non-combustible material with the fire prmaple 
phlogiston The escape of phlogiston when a combustible substance bums is 
accompanied by production of mcombustible material which actually weighs 
more than its predecessor It is therefore self-evident that phlogiston must 
be endowed with the opposite of weight, levity ^ or the power to make a body 
weigh less Aluch valuable time was wasted m disprovmg a theory with 
nothmg to commend it but the elegance of flawless reasomng from premises 
which have no foundation m fact 

What contnbuted most to discredit phlogiston m ,the long run was 
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growing interest in the nature of heat Heat, as a source of mechanical 
power, was beginnmg to eflfea a veritable revolution m human life The 
problem of measunng heat and of classifymg the different sources and means 
of transmittmg it was beginnmg to eclipse the physical problems which had 
ansen from the practice of time reckomng and of earth survey As we all 
know, the production of heat alone or of heat and hght together can be 
brought about without any other change m the properties of a body A 
poker which is heated till it glows is m other respects just a piece of iron 
weighing as much as it did before The heat which is accompanied by mcan- 
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descence when a body is said to bum away only differs in intensity from 
the heat given out or taken m m any change from one substance to another 
It IS the same physical phenomenon as the heat produced by friction when 
a wheel is not lubricated, or the heat acquired by contact when the poker is 
put m the fire 

All chemical changes are assoaated with difference of temperature 
When washmg soda (sodium carbonate) is dissolved in water the solution 
is cooler than the surroundmg au When sulphunc aad is added to water 
the mixture is hotter If we let sulphunc acid tnckle through a narrow 
tube immersed m a large bath of water, the fluid round the orifice will get 
hot If we let water tnckle through a narrow tube mto a bath of sulphunc 
acid, the fluid near the orifice becomes exceedingly hot Similarly air will 
bum in coal gas just as coal gas will bum m air (see Fig 249) When we 
speak of a combustible substance, or a substance which supports combustion, 
we are usmg relative terms, assummg that wc are carrymg out an experiment 
in particular conditions 
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CHARLES’ LAW 

The hot air which makes the Montgolfier balloon go up is not less dense 
because it absorbs ^^Gery^* particles endowed with the pecuhar gift of levity 
from the matter burned to inflate it Hot air is less dense, because the 
same number of particles occupy more space The volume occupied by a 
given weight of a gas w/iese other char act eristics remain unchanged mcreases 



Apparitus tor finding clfcLt of temper iturc on the volume ot a gas at constant pressure 
1 he tube A can be r used and lowered so that the level ot mercury in the tubes A and B 
IS always the same L hus tin, volume ol g\s, showm by the scale ot the graduated limb 
B, IS always at atmosphtne pressure when the m.,asurc)nents arc made The tempera- 
ture IS changed by putting waim w iter into the glass jacket C 


according to a definite rule as the temperature is raised This rule was first 
discovered by the inventor of the hydrogen balloon 

Boyle’s Law is not a satisfactory guide for calculating the weight of a gas 
from Its volume, unless the temperature remains the same So in Boyle’s 
time accurate weighing was hampered because a sausfactory thermometric 
scale had not been fixed (see Chapter XI) The rule, which is called Charles* 
Lazvy provides us with an opportumty ot illustrating how graphical methods 
are used m science to detect the rule which connects a set of observations 
The changes m volume which a fixed weight of gas undergoes when the 
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temperature is raised and the same pressure is mamtaincd, can be recorded 
by ^e simple apparatus shown m Fig 250 The results of such an experi- 
ment are plotted m the next figure The distance of each pomt measured 
along the x-axis corresponds to tlie volume of gas at a parucular pressure 
The latter is represented by a distance measured along the y axis Thus 
the hne BC represents the difference between the volume of gas v measured 
at f on the centigrade scale and the volume V (-= AO) of the same sample 
of gas measured at O'" C ^ i e BC = v — V The Ime AB is the corresponding 
temperature difference t — 0 ~ t 

Since all the observations fall approximately on a straight ImCa the ratio 
BC — AB or (v —• V) — t is approximately the same for corresponding 
values of v and t mcluded in the observations made on the same sample 
at the same pressure Since V is fixed m any such experiment the ratio 
_ V) “ f] -- V IS also fixed m any particular experiment This ratio 
IS found to have the same numerical value, approximately 2 7 m different 
experiments with difierent cases, 1 e 

v~-Y_ 

Vt ~ ^ 

V — V t 

" V 2T3 



V t 

V ^ ^3 


273_f t 
”273~ 


V — 


273 + t 
273 


If vve put T instead of (t ^ 273), the volume of a gas at any temperature 
/ IS directly proportional to T 


The ratio V — 273 mvolves two fixed numbers, since V is the volume of 
gas at if C in any particular experiment Throughout a single experiment 
It may thus be replaced by one constant thus — 

v^-CT 

The number T obtained by adding 273 to the temperature registered by a 
centigrade thermometer is called the absolute temperature of the gas At 
constant pressure, the ratio of the volume of a given weight of gas to its 
absolute temperature is fixed, just as at a fixed temperature the product of 
the pressure and volume of a given weight of gas is constant The volume 
of a gas at constant pressure is increased by 2 73 of its volume at 0° C for 
each degree rise in absolute temperature 
By applymg Boyle’s law and that of Charles, the weight of gases partici- 
pating in chemical processes can be measured with the greatest ease Their 
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densities at a standard temperature and pressure must first be tabulated once 
and for all for reference The densities of gases determmed directly by 
weighmg an evacuated vessel, filling it with gas at standard pressure and 
reweighing it, are usually recorded for the standard temperature 0° C 
(273° on the absolute scale), and a standard pressure of 760 mm on the 
mercury barometer (called 1 atmoi^phere) The weight of any gas can then be 
calculated from its volume recorded in a graduated glass vessel (Fig 247) 
at a known temperature and atmospheric pressure The following problem 
illustrates how the gas laws are applied to save the trouble of weighmg a gas 
Suppose the chemist who wants to know the proportions in which magne- 
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Ciraphicil represent uion of change of volume which 1 quantity of gas occupying 
i cub ft at C undergoes as the temper iturc is niscd, the pressure at which the 
gas IS mcisured being constant (atmospheric) throughout 


Slum combines with o\\gcn to form its “cak,” has found that 1 123 grams 
of magnesium combine with 560 c c of oxvgen measured in a graduated vessel 
when the mercury barometer reads 75 cm and the temperature is 15"" C His 
tables ot density tdl him that 1 htre of oxygen weighs 1 43 grams at vS T P 
(0° and 7b0 mm ) By applying Boyle’s law (page 3S7), which tells us that 
volume is inversely proportional to pressure, he can find how much space 
the gas would occupy at standard pressure This is 


5b0 X 75 
76 


= 552 (> c c 


4o appl^ Charles’ law he converts the centigrade temperature 15° C to the 
absolute scale, 27‘C-h 2b8° Smee (C C on the absolute scale is 273°, 

the volume ot gas measured at standard temperature is 

552 6 X fH = 623 8 c c 
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Hence the measured volume of 660 c c at 16® C and 760 mm would occupy 
523 8 c c at S T P , and therefore weighed (523 8x1 43)— 1,000=0 749 
grams Thus 0 749 grams of oxygen combme with 1 123 grams of magne- 
sium, and the combmmg ratio is approximately 2 3 

Graphs which are superficially like the one shown m Fig 251 arc exhibited 
in textbooks of economics to illustrate theories about supply and demand, 
or wages and profits This makes readers who lack self-conJidencc infer that 
economics is an “exact” science Two charactenstics of the graph m Fig 251 
should therefore be recognized One is that it tells you how to do somethings 
1 e to find the weight of a given volume of gas by reference to tables of density 
1 he other is that each pomt on it corresponds to two actual measurements 
The draughtsmanship exhibited in textbooks to illustrate marginal utihty 
has neither of these characteristics Neither of his co-ordinates corresponds 
to a measured — or, in the present state of knowledge measurable — entity 
when Dr Hicks {Theory of Wages) states 

If now the employer’s concession curve cuts the resistance curve on the 
horizontal part, the Union will generally succeed m mamtainmg its claim, but 
if It cuts It at a lower pomt, compromise will be necessary and it is over such 
com promises that misunderstandings and strikes most easily arise 

THE CALCINATION OF METALS 

The recogmdon that the roasting of a sulphureous ore in the furnace, the 
formation of a calx or oxide when a metal is heated m air, or the slower rusting 
of iron in moist air, each mvolve processes akm to the explosion of gun- 
powder, to the burmng of charcoal, or to the respiration of a mouse, followed 
quickly after the work of Black and Cavendish Shortly after the discovery 
of hydrogen, a clearer insight mto the process of oxidation, that is to say, 
chemical change m which oxygen enters mto a new combmatign with an 
element, was gained through the complete separation of both the prmcipal 
constituents of air Rutherford (1772) used up all the oxygen (roughly one- 
hfth of the total volume) by burmng in air substances like charcoal, sulphur, 
and phosphorus, recently prepared by the Swedish chemist Scheele from 
bone ash When this is done, the acid products (oxides of carbon, sulphur, 
and phosphorus), bemg soluble, are easily removed by shakmg the residual 
gas with a mildly alkalme solution What remams forms four-fifths of the air 
by volume It can be most readily prepared by burmng magnesium m air 
till no more magnesium wiU burn The oxide of magnesium, bemg a solid 
powder, settles on the sides of the vessel, leavmg a residual gas which is 99 
per cent mtrogen Nitrogen neither bums like hydrogen, nor allows sub- 
stances to burn m it as oxygen does Like oxygen and hydrogen it is colourless, 
odourless, and only sparsely soluble m water It is but little less dense than 
air itself 

The separation of this relatively mert portion of the atmosphere was 
followed by a careful study of the characteristics of its active partner As 
early as 1489 the alchemist de Sultzbach had noticed a “spirit” given off 
when red oxide of mercury is heated, leavmg the metal behmd Shortly after 
Hooke’s work several chemists had collected “fire air” hberated by heating 
saltpetre Apart from noting that combustible substances bum more fiercely 
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and bnghtly in it, none of these pioneer claimants to the ''discovery^' of 
oxygen made a careful study of the characteristic properties which distmgmsh 
the gas from the rest of the atmosphere Simultaneously m the year after 
the separation of mtrogen, three chemists, Scheele, a Swedish apothecary, 
Priestley m England, and Lavoisier m France, showed the identical character- 
istics of a gas produced from several different sources They also estabhshed 
Its identity with the “nitro-aenal parades” of common air by recognizmg 
the same products of combusuon, such as (a) carbon dioxide which turns 
lime water milky, (6) sulphur dioxide and phosphorus pentoxide, each with 
Its charaaenstic odour, and (c) the solid reducible metallic calces hke iron rust 
Although the elementary nature of air had been tacidy abandoned by 
Boyle and Hooke, chemists had found it hard to realize how many kmds of 
matter exist in the gaseous state For long it was the fashion to speak of the 
new gases which had been successively discovered as different kinds of air 
The elementary gas hydrogen, having great levity and mflammability, was 
mflammahle air The compound gas carbon dioxide formed by burning 
charcoal, heating chalk, or pourmg acids on potashes, was fixed air The 
pungent, highly soluble, and powerfully acid “spirits of salt” exhaled by 
distilling vitriol (sulphuric acid) with sea salt (sodium chloride) to make 
Glauber’s salts was not yet called by its modern name What we now call 
hydrochloric acid gas or h>drogen chloride was “marine acid air” The 
pungent highly soluble and strongly alkaline spirit prepared by heating lime 
with smellmg-salts (ammonium carbonate) or sal ammomac (ammonium 
chloride) and collecting the ga> over mercury was “alkalme air” The 
resolution of the air mto two distinct constituents, each with its own 
charactcnsuc properties, finally put a stop to this confusion Henceforth each 
gas had a name of its own 

Every obstacle to an intelligible account of the metallurgical processes w^as 
now removed After a century of futile sophisucauon, deductive chemistry 
succumbed to I avoisier’s experiments on calcination, and the phlogiston 
theory was abandoned Lavoisier’s experiments on the formauon of the calx 
when tin is heated in air showed three dungs 

(u) A fixed quantity of tin could be converted mto calx by a fixed quanaty 
at air, yet some air remained ho\ve\er much an was used I'he calx 
was, therefore, a combination of metal and one of the constituents of 
air in dchmte proportions 

fb) A sealed retort contaming the metal from which no air was allowed to 
escape weighed exactly the same before or after conversion of the 
metal and its calx rherefore, the greater weight of the calx was not due 
to the penetraaon of “her> parades” through the walls of the vessel 
(c) The increased weight of the calx was exaedy offset by the dimimshed 
weight of the air 'I he diminished weight of the air is not due to an 
increase of “Icvitj ” At fixed pressure it is accompamed by an actual 
decrease of volume This was shown by the fact that air rushed in 
when the sealed retort w as opened The inrush of air was accompamed 
by an increase of weight, equualcnt to the increase of w'eight when 
the same quantit} of metal was converted mto calx in an open vessel 
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Similar results were obtained by heating mercury to its boilmg point, 
when It forms the red oxide which can easily be converted back to its con- 
stituents as a source of oxygen These experiments combmed the essential 
features of Mayow’s experiments with the mouse and the candle, with the 
additional information gamed from weighmg all the mgredients and products 

THE RISE OF CHEMICAL INDUSTRY 

The death-blow to phlogiston was the need for precise guidance to meet 
the new social needs of chemical manufacture The work of Priestley, Scheele, 
and Lavoisier, was undertaken when chemical manufacture m the modern 
sense was just beginning In France, Lavoisier was one of a group of chemists 
which included BerthoUet, who discovered the bleachmg power of chlorme, 
and Leblanc, whose alkah process solved an acute technological problem 
of the revolutionary wars during the last decade of the eighteenth century 
The encouragement which Lavoisier's work received from a growmg 
demand for chemical knowledge m his time is sufficiently illustrated by the 
fact that he was appomted to direct the manufacture of gimpowder by Turgot 
two years after (177G) the completion of his researches on metalhc oxides 
He succeeded m makmg the saltpetre output of France fivefold greater, 
abohshed the irksome regulations for collectmg refuse and manure from 
private cellars, etc (see page 407), and mcreased the explosive power of the 
mixture He was later (1791) commissioned by the National Assembly to 
draw up a conspectus of the mmeralogical resources of France 

Priestley’s parallel enqmnes into metalhc oxides are mtimately related to 
the metallurgical problems of the Industrial Revolution which began in 
Birmmgham In 17 GO Matthew Boulton set up a hardware faaory employ mg 
over SIX himdred skilled workmen The machmery was run by a waterwheel, 
for which the supply of water was msuffiaent m dry summers Boulton 
conceived the plan of usmg a pump to return water from the outflow to the 
conduit He had a keen mterest m the nascent physical science of his time, 
fostered to some extent by a Scots physician named Small, to whom he had 
been mtroduced by Benjamm Frankhn Small was responsible for bnngmg 
Boulton mto touch with James Watt, the young Scots engmeer who had been 
workmg to improve the Newcomen design From the partnership between 
Boulton and Watt m 1775 the new era of machme manufacture came mto 
bemg Boulton was a close friend of Roebuck, whose first attempt to manu- 
facture sulphunc acid on a commercial scale had been made durmg his 
residence m Birmmgham three years before he set up his factory with 
Garbett m Prestonpans His keen mterest m the chenucal problems of metal- 
lurgy arose partly from the use of alloys m his factones He was also a con- 
tractor for the Royal Mmt For a short tune he was m partnership with Keir, 
who afterwards set up an alkah factory m Bntam 

The device which led to the partnership of Boulton and Watt may have 
been directly mspired by the propmquity of the Bi rmin gham factory to 
the Pottenes which provided an early market for the Boulton-Watt products 
At that time the Potteries were importmg their best clays from Cornwall 
Between 1750 and 1760 two master potters of Staflbrdshire, John Turner 
and Josiah Spode, had also employ^ a Cornish steam pump to work a 
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waterwheel in their industry, which rehed for fuel on the North Staffordshire 
coalfields Like Boulton, Wedgwood, the leading figure in the expansion of 
the Potteries, was an intrepid expenmentahst Like Boulton, he maintained 
a correspondence with Priestley, encouraged him to come to Birmmgham, 
supplied him with free apparatus, and, in particular, took great pams to 
construct for him the best retorts and stoves Wedgwood was elected a Fellow 
of the Royal Society m the same year as Priestley After Pnestley moved to 
Birmmgham, Wedgwood co-operated with Boulton in providmg finanaal 
resources to support him m his researches 

The ensuing passage from Smiles* biography of Boulton and Watt gives 
us a vivid picture of the cultural renaissance which accompamed their 
partnership m England 

Towards the close of last century, there were many htlle clubs or coteries 
of scientific and literary men estabhshed in the provmccs, the like of winch 
do not now exist At Liverpool, Roscoe and Currie were the centres of 

some such group, at Warrington, Aikm, Fnfield, and Priestley of another, at 
Bristol, Dr Beddoes and Humphry Davy of a third, and at Norwich, the 
Taylors and Martincaus of a fourth But perhaps the most distmguished of 
these provincial societies was that at Birmingliam, of which Boulton and Watt 
were among tlie most prominent members "I he meetings were appointed 

to be held montlily at the full of the moon, to enable distant members to drive 
home by moonlight, and tins was the more necessary as some of them — such 
as i^arwin and Wedgwood — lived at a considerable distance from Birmmg- 
ham Dr Darwin was regarded as the patriarch of the Society His fame 

as a doctor, philosopher, and poet was great throughout the Midland Counties 
lie was extremely speeulative m all directions, even m such matters as drivmg 
wheel-carnages by steam Dr Priestley, the discoverer of oxygen and 

otlicr gases, was one of the youngest We find Boulton correspondmg with him 
in 177rj, principally on chemical subjects, and supplymg him with fluor spar 
tor purposes of expermieni Five years later, m 1780, he was appomted minister 
of tlie Presbyterian Congregation assembling in the New Meetmg-house, 
Birmingham, and from tliat ume forward he was one of the most active 
members of the Lunar Society At the time when he settled at Bir- 

mmgham, Pnestley was actively engaged m proseeuung mquines mto the 
constitution of bodies He had been occupied for several years before m 
making mvestigations as to the gases The discovery of carbomc acid gas by 
Dr Black of hdmburgh had attracted his attenuon, and, hvmg convemently 
near to a brewery at Leeds, where he then was, he proceeded to make experi- 
ments on the fixed air or carbonic aad gas evolved durmg fermentation From 
these he went on to other experiments, making use of the rudest apparatus — 
phials, tobacco pipes, kitchen utensils, a few glass tubes, and an old gun- 
barrel The pursuit was a source of constant pleasure to him Such was 

Pnestley, and such were his pursuits, when he settled at Binnmgham m 1780 
There can be little doubt that his enthusiasm as an experimenter m chemistry 
exerased a powerful influence on the minds of both Boulton and Watt, who, 
though both full of work, anxiety and financial troubles, were nevertheless 
tound takmg an active mterest from this time forward m the progress of 
chemical science Chemistry became the chief subject of discussion at the 
meetmgs of the Lunar Society, and chemical experiments the prmcipal recrea- 
uon ot their leisure hours “1 dmed yesterday at the Lunar Society (Keir’s 
house),'* wrote Boulton to Watt, “there wa* Blsar, Pnestley, Withering, Galton, 
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and an American ‘rebel/ Mr Collins Nothmg new except that some of my white 
Spathos Iron ore was found to contam more air than any ore Priestley had 
ever tried, and, what is singular, it contams no common air, but is part fixable 
and part inflammable ” To Henderson, in Cornwall, Boulton wrote, two months 
later, “Chemistry has for some time been my hobby-horse, but I am pre- 
vented from riding it by cursed busmess, except now and then of a Sunday 
However, I have made great progress smee I saw you, and am almost an adept 
in metallurgical moist chemistry I have got all that part of Bergmann’s last 
volume translated, and have learnt from it many new facts 1 have annihilated 
Wm Murdock’s bedchamber, havmg taken away the floor, and made the 
chicken kitchen mto one high room covered over with shelves, and these I 
have filled with chemical apparatus I have likewise set up a Pnestleyan water- 
tub, and likewise a mercurial tub for experiments on gases, vapours, etc , and 
next year I shall annex to these a laboratory with furnaces of aU sorts, and all 
other utensils for dry chemistry ” The “Pnestleyan water-tub” and “mercurial 
rub,” here alluded to, were mvented by Priestley m the course of his mvestiga- 
tjons for the purpose of collectmg and handlmg gases, and the pneumatic 
trough, with glass retorts and receivers, shortly became part of the furniture 
of every chemical laboratory 

Another passage from Smiles refers to the tangible support which Pnestlcy 
received from Boulton and Wedgwood 

Josiah Wedgwood was another member of the Lunar Society, who was 
infected by Dr Priestley’s enthusiasm for chemistry, and knowing that the 
Doctor’s income from his congregauon was small, he and Boulton took private 
counsel together as to the best means of providing him with funds, so as to 
place him m a position of comparative ease, and enable him freely to pursue 
his investigations Wedgwood had undertaken to sound Dr Priestley, 
and he thus commumcated the result to Boulton “The Doctor says he never 
did mtend or think of making any pccumary advantage from any of his experi- 
ments, but gave tliem to the pubhc with their results, just as they happened, and 
so he should continue to do, without ever attempting to make any private 
emolument from them to himself I mentioned this busmess to our good 
friend, Dr Darwm, who agrees with us m sentiment, that it would be a pity 
that Dr Pnestley should have any cares or cramps to mterrupt him m the fine 
vem of experiments he is m the midst of, and is wdlmg to devote his time to 
the pursuit of, for the pubhc good Dr Darwm will be very cautious 
whom he mentions this affair to, for reasons of dehcacy which will have equal 
weight with us all I mentioned your generous mtention to Dr P , and that we 
thought of £20 each, but that you will perceive, caimot be, and the Doctor 
says much less will suffice, as he can go on very well with £100 per annum. 

The Darwin referred to m this passage was Erasmus, the grandfather of 
Charles, and author of the first book (Zoonomtea) setting forth the evolutionary 
doctrme m Bntam The descnption of the Lunar Soaety given by Smiles 
emphasizes m a very forcible way the cultural decadence of the older seats 
of Bntish leammg m the period that extended from the generation of 
Newton and Bradley to the repeal of the Test Acts, which followed the 
foundation of new mstitutions such as those m which Davy, Dalton, and 
Faraday carried out their work It is mstructive to note that some of the 
leaders of saence like Pnestley and Benjamm Franklm were mtensely ahve 
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to the pohtical struggles which anticipated and accompanied the next stage 
of mdustrial expansion Thus Smiles tells us 

The impressionable nund of Dr Priestley was moved in an extraordmary 
degree by the startling events which followed each other in quick succession 
at Paris, and he entered with zeal into the advocacy of the doctrines of liberty, 
equality, and fratermty, so vehemently promulgated by the French “friends 
of man ” His chemical pursuits were for a time forgotten, and he wrote and 
preached of human brotherhood, and of die downfall of tyranny and priest- 
craft He hailed with dehght the successive acts ot the National Assembly — 
abolishmg monarchy, nobility, church, corporations, and other long-established 
institutions He had already been long and hody engaged m polemical dis- 
cussions with the local clergy on disputed points of faith, and now he addressed 
a larger audience m a work which he pubhshed m answer to Mr Burke’s 
famous attack on the “French Revolution ” Burke, m consequence, attacked 
him m the House of Commons, while the French Revolutiomsts, on the other 
hand, hailed him as a brother, and adnutted him to the rights of French ciuzen- 
ship These proceedmgs concentrated on Dr Priesdey an amount of local 
exasperation that shortly after burst forth m open outrage On July 1791, 
a public dinner was held at the prmcipal hotel to celebrate the second anni- 
versary of the French Revolution About eighty gentlemen were present but 
Priesdey was not of the number A mob collected outside, and after shoutmg 
“Church and King^” they proceeded to demolish the inn wmdows The 
magistrates shut their eyes to the riotous proceedings, if they did not actually 
conmve at them A cry was raised, “To die New Meetmg-house,” the chapel 
in which Priesdey mmistered, and thither the mob surged The door was at 
once burst open, and the place set on fire They made at once for Dr 

Pnesdey’s house at Fairhill, about a mile and a half distant The Doctor and 
his family had escaped about half an hour before their arrival, and the house 
was at their mercy They broke m at once, emptied the cellars, smashed the 
furmture, tore up the books in the library, destroyed the philosophical and 
chemical apparatus m die laboratory, and ended by settmg fire to die house 
The roads for miles around were afterwards found strewed with shreds of the 
valuable manuscripts in which were recorded the results of twenty years’ labour 
and study — a loss which Priestley continued bitterly to lament until the close 
ot his life The members of the Lunar Society, or “the Lunatics,” as 

they were popularly called, were especially marked for attack during the riots 
Boulton and Watt were not without apprehensions diat an attack would 
be made upon them, as being the head and front of the “Philosophers” of 
Birmmgham They accordmgly prepared for the worst, called their workmen 
together, pomted out to diem the cnmmality of the rioters’ proceedmgs, 
and placed arms m their hands on their promismg to do their utmost to defend 
the premises if attacked As for Dr Priesdey, he shook the dust of 

Birmmgham from his feet, and fled to London, from thence emigratmg to 
America, where he died m 1 HO 4 While such was die bhnd fury of the populace 
of Birmingham, the principles of the French Revoluuon found adherents m 
all parts of England Clubs w^rc formed m London and the prmcipal pro- 
vincial towns, and a brisk correspondence was earned on between them and the 
Revolutionary leaders of France Among diosc mvested with the rights of 
French atizcnship were Dr Priesdey, Mr Wilberforce, Thomas Tooke, 
and Mr (afterwards Sir) James Mackmtosh Thomas Pame and Dr Priesdey 
were chosen members of the National Convention, and though the former 
look his scat for Calais, the latter dechned, on the ground of his inability 
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to speak the language sufficiently Among those earned away by the political 
epidemic of the time were young James Watt and his friend Mr Cooper of 
Manchester In 1792 they were deputed, by the “Constitutional Society” of 
that town, to proceed to Pans and present an address of congratulation to the 
Jacobm Club, then known as the “Society des Amis de la Constitution ” While 
at Pans, young Watt seems to have taken an active part in the fiery agitation 
of the time He was on mtimate terms jwith the Jacobm leaders Southey says 
that he was even the means of preventmg a duel between Danton and Robes- 
pierre, to the former of whom he acted as second Robespierre afterwards 
took occasion to denounce both Cooper and Watt as secret emissaries of Pitt, 
on which young Watt sprang into the tribune, puslimg Robespierre aside, and 
defended himself m a stram of vehement eloquence which completely carried 
the assembly with him 

Alger asserts that Watt jumor was the anonymous Whig mentioned in 
Carlyle’s narrative The account of Priestley’s career given in The Dictionary 
of National Biography says that Priestley himself was also 

elected a member for the Department of Orne m the Naaonal Convention 
Other Departments followed suit, but while he accepted citizenship, he declined 
elecuon The majority of members of the Royal Society fought shy of him 
Fmdmg that they were rejecting candidates on political grounds^ he withdrew 
attendance (1793) 

The mechamcal innovations associated with what is usually called the 
Industrial Revolution have overshadowed an important feature of the change 
which manufacturing underwent during the latter half of the eighteenth 
century It is mentioned m the concluding remarks of the following extract 
from Nef’s Rise of the British Coal Industry 

The expansion of industry and particularly the expansion of the woollen 
mdustry, dimimshed the space available for plantmg new trees In all 

countries near the sea, writes an anonymous authority towards the end of 
Elizabeth’s reign, “most of the woods are consumed and the ground converted 
to com and pasture ” If the growth of the woollen industry in particular 
discouraged the planting of trees, the demands of mdustry quickly dramed 
the existmg forests of their timber For m that age wood was the raw material 
of all mdustry to an extent which it is difficult for us now to conceive Charcoal 
had to be nuxed with saltpetre m preparmg gunpowder From the bark of 
trees workmen extracted a sap then mdispensable m making pitch and tar, 
with which to caulk the hulls of ships, and from wood ashes came potash, 
an essential constituent for the production of soap, glass and saltpetre The 
prmcipal dram caused by the expansion of mdustry arose from the 
demands for it as buildmg material and as fuel Ours has often been called 
an age of coal and iron, and it is perhaps no less appropriate to call the sixteenth 
and seventeenth centuries an age of timber It is urmecessary to dwell 
at length on the many thousand uses for firewood m early mdustry It is sufficient 
to pomt out that no change could be wrought m ore or metal without the aid 
of fuel, that substantial quantiues of wood and charcoal were bemg consumed 
in makmg starch, refinmg sugar, bakmg bread, fir mg pottery, tiles, bricks, and 
tobacco pipes, drymg malt and hops, and boilmg soap Every mcrease 
in the quantity of bricks, or saltpetre, lime or salt manufactured with wood 
fuel mvolved senous new encroachments upon native Umber resources But 
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the chief wastage was caused by glass makers and smelters The smelting 
of iron was only a part of the larger problem of smelting and refining all metals, 
and that again was only a part of the still larger problem of making coal a suit- 
able substitute for wood m industry generally, and of reducing the total con- 
sumption of fuel of all kinds in a given process In ir>23 a certain Lewryn 
van Hack had undertaken to extract silver from lead in Cardiganshire, using 
sea-coal m the smelting and charcoal “only in the refymng We know nothing 
about his methods or his success, but in an article written 1G78, and devoted 
to the methods of separating silver and other bodies from lead ore, Dr Chris- 
topher Mcrret remarks that the “latest invention is a new furnace The con- 
venience IS, that a little fire, and that of New Castle coals, will do the 
work” In 1020 the Crown granted a patent for “charkmg earth fuel” 
to be used in smelting, and this is the first unmistakable reference to such an 
attempt that has been found With coke made in much the same way, 

Abraham Darby solved the problem of iron smelting, which, unhke the smelting 
of lead and tin, could not be accomphshed with raw coal, even after the inven- 
tion of the reverberatory furnace The ultimate discovery by the elder 

Darby at the beginning of the eighteenth century of a successful process 
depended on innumerable experiments often directed towards the 
smelting of metals other than iron, and even more often not directed towards a 
solution of the smelting problem at all 

1 he activities of Roebuck, whose Catron Works at Stirling took a prom- 
inent part m the introduction of coal for reducing metal ores, illustrate the 
words Italicized in the foregoing citation While “the furnaces and forges 
had eaten up the woodlands of Sussex,” and, as the Hammonds tell us, “were 
beginning to strip less promising districts bare,” all the manufactures which 
dtpendid on 7cood 7vert forced into the search for material substitutes One 
of the more imporiant by-products was the alkaline potashes prepared by 
incincraling charcoal Potashes were used for the making of glass and of 
soap, and for the cleaning of wool Keir, whose house is mentioned by Smiles 
in a previous quotation, was one of the first to set up a factory for making 
alkali fr(>ni sea salt By the end of the century the commercial production 
of alkali was well established 

"Ihe foundation ol the synthetic alkali industry was made possible by 
the commercial production of sulphuric acid Sulphuric acid was indeed the 
parent substance of modern chemical manufacture Its composition wiU be 
dealt with more fully in the next chapter Bnmstone burns in air to form 
sulphur dioxide, a pungent gas which dissolves in water to form sulphurous 
acid Sulphurous acid dissolves metalhc oxides and alkalis forming salts called 
“sulphites ” W'hcn heated with air in the presence of spongy platinum, 
sulphur dioxide is partially converted into sulphur trioxide, which contains 
more oxygen Sulphur tnoxide combines with water to form a heavy 
oih liquid, “vitriol” or sulphunc acid, which dissolves metals, alkalis, 
etc , thereby forming metallic “sulphates ” The present world output of 
sulphuric acid is about HV)(i(),000 tons per year Writmg about 1840, a 
centurv after Ward’s patent was first put into operation, Liebig said 

Wc may judge with great accuracy the commercial prosperity of a country 
from the amount of sulphuric acid it consumes * 

* Liebig’s Letters on Chemistry 
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The preceding remarks describe how sulphuric acid is made nowadays The 
early history of sulphuric acid is briefly recounted by Lunge* as follows 

Gerhard Dornaeus (1570) described its properties accurately, Libavius (1595) 
recogmzed the idenuty of the acids from different processes of preparauon, 
the same was done by Angelus Sara (161 ,1), who pointed out the fact, which had 
sunk mto obhvion smce Basilius, that sulphuric acid can be obtained by 
burning sulphur m moist vessels (of course with access of air), after that time 
it was prepared by the apothecaries in this way An essenual improvement, 
VIZ the addition of a httle saltpetre, was mtroduced m 1666 by Nicolas le 
Fcvre and Nicolas Lemery A quack doctor of the name of Ward first 
earned on sulphuric-acid makmg on a large scale at Richmond near London, 
probably a httle before 1740 Ward employed large glass vesseL up to 66 
gallons capacity, which stood in two rows in a sand-bath, and which were 
provided with horizontally projectmg necks, at the bottom they contained a 
little water In each neck there was an earthenware pot, and on this a small 
red-hot iron dish, mto which a mixture of one part saltpetre and eight pans 
of brimstone were put, then the neck of the bottle was closed with a wooden 
plug, on the combustion being fimshed, fresh air was allowed to enter the 
vessel, and the operation was repeated till the acid had become strong enough 
to pay for concentratmg in glass retorts Ward’s process, troublesome 

ds It IS, reduced the price of the acid from 2s 6d per ounce (the price of the 
acid from copperas or from burnmg brimstone under a moist glass jar) to 
2s per lb 

Roebuck improved on the Ward process by introducing lead chambers 
uhich reduced the expense meurred by the use of large glass vessels Prosser 
{Birmingham Inventors and Inventions) says that he set up a manufactory at 
Steelhouse Lane, Birmingham^ with his partner, Mr Samuel Garbett, in 
1746, and that the works, afterwards sold to Alston and Sons, conlmued to 
make tlie acid till 1825 Lunge tells us that soon after he set up his factory at 
Presionpans several others were started m England 

Soon other works followed at Bridgcnorth, and at Dowles in Worcestershire 
where the chambers were already made 10 feet square, in 1772 there was a 
tactory erected m London with 71 cylmdrical lead chambers, each 6 feet 
diameter and 6 feet high In 1797 there were already six or eight works m 
Glasgow alone Accordmg to the statements given m Mactear’s Report of the 
Alkali and Bleachtng-Pozvder Manufacture in the Glasgow Diurict (p 8), the 
acid at that time cost the Glasgow manufacturers £32 per ton, and was sold 
‘it £54 At Radcliffe, near Manchester, it cost, in 1799, £21 lOs per ton, 
without mterest on capital 

Accordmg to Lunge the acid was first sold for the bleaching of linen 
Since Home did not receive his medal tiU six years after the factory at 
Prestonpans began production, it seems unlikely that this was the ongma) 
mtention Before making experiments on the lead-chamber process Roebuck 
had been engaged m work on refimng precious metals, and it is possible that 
vitriol was used for dissolvmg traces of copper m the latter, or for makmg 

^ Since this was written H W Dickinson, the biographer of Boulton, has published 
an account of the early history of sulphunc acid m the Journal of die Newcomen 
Society 
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nitric acid from saltpetre to dissolve out lead We also learn* that Achard, 
a pioneer in the commercializanon of beet sugar, used sulphuric acid (1792) 
for purification of beet juice In England, Ward’s product may have been 
wanted for the purification of clay used in the Potteries The invention of the 
hydrogen balloon was an incidental consequence of its preparation m large 
quantities. 

In a small way it had been used by apothecaries for making the aperient 
called Glauber’s salt Glauber’s salt, or sodium sulphate, was made by 
heating brine (the solid content of which is mainly sodium chlonde) with 
vitriol In the reaction which ensues a highly soluble pungent gas (now called 
hydrochloric acid) is evolved The two products of this reaction were the 
parent substances for two other chemical mdustnes established before the 
century ended New methods for bleaching linen stimulated mdustriahsts 
to seek for new expedients, and led to the mtroduction of chlorme gas, and 
bleaching powder prepared from it The former is prepared by heatmg 
hydrochloric acid with black manganese dioxide, the latter by passmg 
chlorme over dry lime The antecedents of this new chemical mdustry are 
described by Smiles 

Among Watt’s numerous scientific correspondents was M BerthoUet, the 
eminent French chemist, who communicated to him the process he had dis- 
covered of bleaching by chlorme Watt proceeded to test the value of the dis- 
covery by experiment, after which he recommended his father-m-law, Mr 
Maegregor, of Glasgow, to make trial of it on a larger scale This, however, was 
postponed until Watt himself could find time to supermtend it m person At 
ilic end of 1787 we find him on a visit to Glasgow for the purpose, and writmg 
to Boulton that he is making ready for the trial ‘T mean,” he writes, “to try it 
tomorrow, though I am somewhat afraid to attack so fierce and strong a beast 
There is almost no bearing the fumes of it After all, it does not appear that it 
will prove a cheap way ot bleaching and it weakens the goods more than could 
be wished, whatever good it may do m the way of expedition ” The experi- 
ment succeeded, and we find Mr Maegregor, m the foUowmg February, 
“engaged in whitenmg 1,500 yards of Imen by the process ” The discovery, 
not bemg protected by a patent, was immediately made use of by other firms, 
but the offensive odour of the chlorme was found exceedingly objectionable, 
until It was discovered that chlorme could be absorbed by slaked hme, the 
solution of which possessed great bleachmg power, and this process m course 
ot lime superseded all the old methods of bleachmg by chlorme 

The commercializauon of bleachmg powder was successfully accomphshed 
by 1 ennant of Glasgow m 1799 Meanwhile Glauber’s salt had been put to 
a new use "1 he ashes left by mcmeratmg charcoal (mostly potassium carbon- 
ate) or sea weeds (mostly sodium carbonate) had been used as the chief 
source of alkali m tlie glass, soap, and wool mdustries from time immemorial 
In medieval times the forests of eastern Europe were responsible for a con- 
siderable export trade of “potashes” for tlie English wool mdustry Durmg the 
revolutionary wars the available supplies had run so short m France that the 
Academy wa§ forced to ofter a large prize for a suitable method of makmg 
alkahs from other sources The prize was won by Leblanc m 1791 The 
* Private commumcauon from Mr J L Mackie 
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Leblanc process for making sodium carbonate consists of three stages 
First sodium chloride is obtained from sea water^ of which it forms about 
75 per cent of the sohd matter, by evaporation to the stage when the crystals 
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of sodium chloride separate out The sodium chloride is next heated with 
sulphuric acid Hydrochloric acid gas escapes, and can be collected by passing 
It mto water Sodium sulphate or^Glauber’s salt remams behind In the 
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final stage this is dned and cooked m a furnace with coke (carbon). The 
oxygen is thus removed from it Carbon dioxide escapes, and sodium sul- 
phide remains behind The latter is heated with chalk (calcium carbonate) 
giving calcium sulphide, which is msoluble m water, and sodium carbonate 
(washing soda), v/hich is easily removed because of its great solubihty The 
I eblanc process produces hydrochlonc acid as a mam by-product and a 
large number of less important products, mcluding carbon dioxide which is 
now used for charging soda-water siphons 

Although the Leblanc process which superseded its predecessors was 
undoubtedly more efficient, it did not differ m principle from carher and less 
extensive commercial undertakings m France and m Bntam About 1780 
the Scots chemist Keir, at one time a partner of Boulton, estabhshed a factory 
at Tipton for the production of alkah from sea salt Accordmg to his bio- 
grapher the first stage was the production of sodium sulphate, as m the 
I cblanc process Collison took out an Enghsh patent essentially similar to 
the Leblanc recipe m 1782 An carher suggestion of Scheele (1776) to make 
sodium carbonate by heating sea salt with lead oxide and treating the solution 
with fixed air is not known to have been used 

About this time Boulton’s works sponsored the beginnmgs of one of the 
most powerful of all the chemical industries m the ensumg century In 1785 
a continental chemist, Maestrichte, had shown that coal gas could be used to 
light a lecture room A Frenchman named Lc Loss used it to light his owm 
house in Pans m 1786 Between 1792 and 1802 Murdock, a Scots workman 
in the employment of Boulton and Watt, carried out successful experiments 
which led to the installation of an eqmpment m the engmeermg works of 
Boulton, Watt and Co , at Soho, Birmingham Prosser (Birmingham Inventors) 
says 

Murdock is entitled to the sole credit of being the first to bring gas-light 
into the region ot practice Part of the Soho establishment was regularly lighted 
witli gas in 1798 On the occasion of the rejoicings at the Peace of Amiens m 
1802 the tront ot the building was hghted by gas After that tune it spread 
rapidly to other parts of the country In 1808 he read a paper before the Royal 
Society giving an account of his investigations on the subject, for which he 
received the Rumford Gold Medal 

Some ten )cars after the mstallation ot coal gas m Soho commercial 
production ot matches from phosphorus began Ihe preparation of phos- 
phorus from excrement had been undertaken durmg the seventeenth 
century , w hen Boyle had toyed with the possibility of makmg matches In 
the latici half of the eighteenth century Scheele (1771) discovered how to 
make u Irom bone ash, for which a commercial demand existed m the china 
industry Thomas Frye took out a patent for the use of bone ash as an 
ingredient ol pottery m the mid -eighteenth century At the tune of Scheele’s 
discovery, “bone chma” was being manufactured by Spode of the Stafford- 
shire Potteries VC hen the nineteenth century began, the tramed chemist 
had become essential to industry^ and the encouragement of chemical 
research lo make the fullest use of every by-product was a matter of the 
utmost importance to the new manufacturing class 
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The Rebirth of Materialism 

THE STRUCTURE AND CLASSIFICATION OF MATERIALS 

Before it is possible to find laws which embody correct rules of conduct 
It IS necessary to observe relevant facts with accuracy and classify them mtelh- 
gently Although comprehensive prmciples underlying the manufacture of 
new substances and the discovery of new sources of materials did not emerge 
durmg the century and a half which followed the issue of Glauber’s Proti- 
penty of Germany^ the accumulative results of the recogmtion of a third 
realm of matter, mcludmg a variety of substances with totally distmct 
characteristics, had provided the only foundation on which a useful body of 
theory could be built Through the realization that the new gases were not 
vanous forms of “air,” but mdmdual substances with characteristics as 
distmct and constant as those of pure sohds and hquids, a classification of 
substances based on the way m which they are bmlt up, and hence on the 
sources from which they can be obtamed, was gradually replacmg that of 
the alchemists 

Black’s work (1754) on carbon dioxide and that of Cavendish (1766) on 
hydrogen had been followed by a plethora of discoveries Compounds which 
had been dismissed as fumes and smells were systematically investigated 
Besides those of the four elementary gases (oxygen, mtrogen, hydrogen, and 
chlorme) the characteristics of about a dozen other gaseous substances had 
been studied by the end of the eighues Priestley described the properties of 
sulphur dioxide (1770), hydrochloric acid gas, mtrous and nitric oxide (1772), 
ammoma (1774), and sulphuretted hydrogen (1777) Scheele and Priestley 
discovered sihcon tetrafluoride m 1776 Scheele, who had first made chlorine in 
1774, also made sulphur tnoxide Carbon monoxide was first studied by de 
Lassone m 1776 Methane and ethylene (two other constituents of the mixture 
that IS called coal gas) were respectively mvestigated by Berthollet (1785) and 
by a group of Dutch chemists 

By the end of the eighteenth century it was possible to disunguish bet^^’een 
a group of simple substances or elements — sohds like sulphur, carbon (char- 
coal), phosphorus, and the metals, gases like oxygen, hydrogen, and nitrogen 
— which combme to form compound substances with equally definite charac- 
terisncs such as density, solubihty, colour, odour, texture, power to conduct 
heat, and so forth The class called compounds included first and foremost 
the oxides formed by combinauon with oxygen One large class of oxides 
were all acidic^ i e dis^lvmg like the oxides of sulphur, carbon, mtrogen, 
and phosphorus, m water to form “acids ” The defimtion of an acid retams 
to this day its early associauon with the dyeing of textiles Acid solutions were 
recognized by their power to turn the blue litmus dye red In contradistinction 
another class, the oxides of the metals, are distmguished as hastc^ bemg 
capable of combmmg with acids to form more complex bodies called salts 
Some of these basic oxides, like quicklime, unite with water to form more 
complex substances called caustic alkahs containmg hydrogen as well as 
oxygen and metal (eg slaked lime) Salts, which can also be formed by 
dissolvmg a metal m a strong acid like mtric acid, sulphuric acid, and 
hydrochloric acid, were bemg classified accordmg to the acid or acidic 
oxide from which they were derived Thus gypsum (calcium sulphate), blue 
vitriol (copper sulphate), green vitriol (iron sulphate), and Epsom salts 
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(magnesium sulphate) are all now recognized as members of the class of 
sulphates (salts formed by dissolvmg a metal or its oxide m sulphuric acid), 
potashes (potassium carbonate), malachite (copper carbonate), and chalk 
(calcium carbonate) as carbonates (salts formed by the umon of a metal 
oxide and carbon dioxide), and common salt (sodium chloride), calomel 
(mercury chloride), and horn silver (silver chloride) as chlorides 

Substances of another class were known to be compounds because they 
could be broken down into two or more other distinct substances Not all 
substances recogmzed as elements or compounds a century and a half ago 
are regarded as such today Some substances which we can now build up 
from their elements were still believed to be elements The yellow gas 
chlorine^ which is an element given off when manganese dioxide is heated 
with a solution of hydrochloric acid, was then believed to be an oxide 
Chlorine unites with hydrogen in sunhght to form the colourless hydro- 
chloric acid gas Since it was thought that all acids are formed from oxides, 
like carbon dioxide, sulphur dioxide, or phosphorus pentoxide, hydrochloric 
acid was at first supposed to be the oxide of an undiscovered element, and the 
use of manganese dioxide in its preparation seemed to support this conclusion 
Repeated attempts to break it down eventually discouraged this behef 

The new method of classification was not merely a question of what 
names we give to substances It meant far more Calling three substances 
litharge, galena, and sugar of lead, communicates nothmg about the way 
they are built up When we call them by their new names, lead oxide, lead 
sulphide, and lead acetate, we convey new information about tlie way m 
which they may be obtamed, or the use to which they may be put For m- 
stance, each is a source of lead Most sulphides can be converted mto oxides by 
heating with an oxidi/ing agent — somethmg ±at gives up oxygen readily 
Thus the malodorous gas sulphuretted hydrogen or hydrogen sulphide, 
liberated by strong acids from metallic sulphides like pyrites, will burn in 
air to form water (hydrogen oxide) and sulphur dioxide Most oxides of 
metals can be converted into metal by heatmg them with a ^^reducing^^ agent, 
such as hydrogen gas, which combmes with the oxygen to form water vapour, 
or charcoal, which combines with the oxygen to form carbon dioxide Among 
the best oxidizmg agents for soluble substances are hydrogen peroxide and 
potassium permanganate Among the best reduemg agents are the bubbles 
of hydrogen given off when tm or zme dust are dissolved m a strong acid 
like hydrochloric acid Metalhc acetates m general are converted mto oxides 
by heat, and made b> dissolvmg a metalhc oxide or carbonate m acetic acid, 
which gives vmegar its sour taste From such general knowledge of the 
characteristics of acetates, oxides, and sulphides, and general knowledge of 
thd characteristics of lead compounds, we can condense a mass of useful 
information m the statement that a substance is the acetate, oxide, or sulphide 
of lead 

Hence the new label for galena tells us somethmg about how we should 
set about lookmg for the substance Metalhc sulphides give off sulphuretted 
hydrogen when treated with a strong mmeral acid like hydrochloric Lead 
salts are identified by the fact that nearly all chlorides are soluble m cold 
water, the notable excepnons bemg lead, silver, and mercury, of which 
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the last two are not soluble m hot water So if a lead compound is dissolved 
m mtric acid, all the salts of which {nitrates) are soluble, a precipitate which 
redissolves m hot water is formed on adding hydrochlonc acid 

In short, the new method of classification based on the way things are 
built up IS an inventory of man’s resources of matenals, known and as yet 
unknown The discovery of the metal chromium which is now used as an 
ingredient of rustless steel m the middle of the eighteenth century illustrates 
how the new method helps to discover new kmds of matenals, as well as 
directmg our attention to new sources of known materials In the middle of 
the eighteenth century a Siberian nuneral (now known to be lead chromate) 
was found to be the representative of a class of salts which did not corre- 
spond to those formed from the oxides of any known element Subsequent 
search led to the discovery of a new metaUic element 

At the end of the eighteenth century the four elements of Aristotle had 
been replaced by about fifteen Today we recognize about mnety More than 
half of those known at the time of Lavoisier had been objects of use for 
several millennia Those known to the ancients m a comparatively pure form 
included carbon, sulphur, and the metals gold, silver, iron, copper, tin, 
lead, antimony, mercury, and zinc Durmg the seventeenth and eighteenth 
centuries the hst of sohd elements was extended by the addition of phosphorus 
and several new metals, notably platinum, chromium, arsemc, and manganese 
Three gaseous elements, oxygen, mtrogen, and hydrogen, which were dis- 
covered m the eighteenth century, had not been previously known as separate 
substances Chlorme had been isolated, though not as yet known to be an 
element 

The hst of elements then known excluded many names which are familiar 
to any civilized person today The commonest metallic elements were only 
known m their compounds Sodium, whose chloride is the chief solid con- 
stituent of the sea — common salt, potassium, whose nitrate is the essential 
constituent of gtmpowder, calcium, whose carbonate (chalk) forms the chffs 
ot our shores, and whose oxide (lime) had been used from time immemorial 
for curing leather and making cement, were not known m the pure state 
Boron, whose compounds were already used m medicme, had not been 
separated Beryllium, a metal like magnesium, forirung three crystallme 
salts which are the familiar jewels beryl, aquamarine, and emerald, was 
not known 

To this hst of common elements, unknown m Lavoisier’s time, we must 
also add the two elements alummium and sihcon With oxygen they form the 
overwhelmmg bulk of the superficial layers of the earth’s crust Alumimum, 
a metal, is now used m pamt, kitchen utensils, piston heads, and aeroplane 
engmes Its oxide, anted with various impurmes, is the main consatuent 
of the gems sapphire, ruby, and amethyst In combmaaon with sihca 
(alummium sihcate) it is the chief consatuent of common clay It is ubiqmtous, 
and vastly more abundant than any other metal to a depth of half a mile 
of the earth’s crust, and even to a depth of 25 miles approaching the iron 
core of the earth it is at least actually more abundant than iron Sihconis not 
a metal Its oxide {stltca) is rock crystal or quartz Sand is mamly silica 
with vanous impunacs Glass, which was ongmally made by hcatmg sand 
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with an alkali (hme or potashes) or basic oiude (c g litharge), is a mixture of 
various metallic silicates (commonly calaum, sodium, potassium, and lead) 
Window and table glass is a sodium calaum silicate mixture, flmt glass and 
cut glass a lead potassium silicate mixture Jena glass is a potassium calaum 
silicate mixture 

The elements known in the eighteenth century did not mclude the com- 
paratively rare element radium, nor selemum, whose great sensitivity to hght 
IS used in television The three elements (bromine, iodine, and fluorme) 
whose compounds closely resemble those of chlonne were not yet isolated 
A silver compound of one of these (silver bromide), which is very sensmve 
to hght, IS the basis of the photographic mdustry The solution of iodine 
(generally dissolved in a solution of potassium iodide) is a famihar antiseptic 
Fluorme m combmation with sihca forms complex salts (fluosihcates) which 
occur as minerals It is also a constituent of the acid called hydrofiuonc acid 
which attacks glass and for this reason is used for etching 


QUANTITATIVE ANALYSIS 

It IS a common delusion to think that the mtfoduction of a httle mathe- 
matics into a subject necessarily makes it more saentific Mathematics is 
useful when we wish to recogmre the significance of measurements In the 
early stages of a science the important thmg is to know very thoroughly the 
charactertsdes of the things which w'c are studymg We can only make useful 
measurements when we are clear about what we are measuring This was the 
task of chemistry m the eighteenth century Till the begmnmg of the nine- 
teenth century, only one important rule of measurement m chemical reac- 
tions had been discovered This is usually called the Law of Constant Fro- 
portions It would be foohsh to put a date to its discovery, because it represents 
a conclusion which gamed increasmg confidence as chemists acquired the 
habit of weighmg all the mgredients and products of a process 

The Law of Constant Proportions is that the ratio of the weights of 
the ingredients used up in making the same substance is always the 
same If the ingredients are themselves elements this is the same as saying 
that the proportions by weight of the constituent elements m any compound 
IS fixed To prove this rule it is necessary to weigh separately each constituent, 
as Lavoisier did in his experiments on calanation Once we are satisfied that 
It is true much labour may be saved Wc can use it to calculate some quanaties 
if we have recorded others This may be illustrated by the way m which we 
can find the proportion by weight of magnesium and oxygen m the oxide 
of the metal (Fig 262 ) A tube with a wire to hold it m place on the balance 
and a plug of glass wool arc first weighed A stnp of magnesium is then put 
in the tube and the glass wool is mserted The glass wool and tube with 
magnesium in it are now weighed, and the difference between the two 
weighmgs is the weight of magnesium added If the tube is now held m a 
flame, the magnesium ignites with the blmdmg bnlhancy now familiar in 
flashhght photography, and a dense cloud of white powder (magnesium 
oxide) IS formed The glass wool prevents explosion by adimtting air freely, 
while at the same tune stoppmg the parades of oxide from getting out A 
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third weighing when the tube has cooled now shows an increase m weight 
If we call the weight of the tube and glass wool before adding magnesium a, 
the glass wool and tube with magnesium and the same after ignition c, the 
weight of magnesium is (h — a), the weight of magnesium oxide formed is 
(c — a)y and the weight of oxygen with which {h — a) grams of magnesium 
combmes is {c a) — {h — d) = {c — h) Providmg the magnesium is as 
pure as wc can get it, the ratio of (f> — d) magnesium to (c — h) oxygen is 
always the same 

How we might determme the propomon by weight of silver and chlorme 
in silver chlonde provides a second illustration of what chemists call gravi- 
metric analysts A clean dry centrifuge tube is weighed A small quantity of 
pure silver is placed m it, and it is weighed agam to get the amount of silver 
\b — a) A solution of moderately strong mtric acid is added to dissolve 
the silver From the solution of silver nitrate so formed the msoluble chloride 



IS precipitated, if a strong solution of pure sodium chloride is added This 
white powder (which darkens in sunlight) is thrown to the bottom of the tube 
m a hard cake, after rotation m a high-speed centrifuge The fluid can now 
be poured off, the tube with the cake of silver chlonde rinsed with pure 
water and placed m a warm oven till it is dry, i e when repeated weighing 
gives constant results The difference between the final weighmg (c) of the 
tube plus silver chlonde and the second weighmg {b) of the tube plus silver 
is the weight of chlorme which umtes with the weight {b — a) of silver 
In both these examples the irksome necessity of weighmg a gas is avoided 
by usmg the Law of ^nservation (p 393) to get the result indirectly In all 
analysis one or other of the consatuents is obtamed by inference One useful 
method of analysis avoids repeated weighmg and drymg by measurmg 
volumes of solutions of known strength Standard solutions for “volumetric” 
analysis are made m large quantities by weighmg out accurately a smtable 
amount of a reagent and dissolvmg it m a “volumetnc” flask (Fig 253 ) 
This bears a mark correspondmg to the level of water which exactly occupies 
a stated volume, c g 1,000 cubic centimetres (1 htre) at a stated temperature 
Let us suppose that we wish to know m what proportions by weight sodium 
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and chlorine unite to form sodium chloride (common salt), and that we already 
know how much sjjiver chloride is formed from a given quantity of silver 
nitrate We have to stan with a soluuon of silver mtrate formed by dissolvmg 
exactly x grams in a litre, so that 1 c c of the solution contams 0 001:x: grams 
If jy grams of silver chloride are formed from x grams of silver mtrate, 1 c c of 
the soluuon is equivalent to 0 OOljy grams of silver chloride, and ify grams of 
silver chloride contams z grams of chlorine, 1 c c of the soluuon is capable of 



lie 253 

Oiic hue vulimietnc flask (A), c c pipette (B;, and burette (C), used m 
volumetiic analysis 

throwing dow-nO OOlc grams of chlorine as silver chloride precipitate Silver 
nitrate is a common laboratory reagent for estimating chlorides, so a standard 
solution of It IS usuall} kept in a laboratory To find the proportions of sodium 
and chlorine m a solution of sodium chloride without going to the trouble 
of preparing and keeping the metal pure, we might make up a standard 
soluuon of sodium chloride by dissolving n grams of sodium chloride m a 
litre, so that 1 c c of the solution contained 0 001 n grams We now measure 
out a hxed quantity, eg 10 c c , of this into a glass vessel with a marked tube 
(“pipette”) 1 his is done b> suckmg up the fluid with the mouth and keepmg 
the level exactly at the mark by applymg a finger to the orifice Fmally, we 
drop into this vessel the standard soluuon of silver nitrate from a graduated 
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tube (burette) with a tap which can be turned off when all the sodium chloride 
has been used up to form msoluble silver chloride The graduaUon marks 
of the burette tell us how much standard silver nitrate has been run in, when 
this pomt IS reached 

To gauge the end of the reacaon exactly a few drops of potassium 
chromate are added to the solution of sodium chloride A drop of silver 
solution m a solution of potassium chromate produces a brick red colour, 
which may, therefore, be used to detect when silver nitrate is present As long 
as there is any sodium chloride m the solution the silver nitrate is converted 
into silver chloride When it is all used up a further drop of silver nitrate 
will reveal its presence in the solution by the appearance of the brick-red 
colour If the quantity of sodium chloride taken is 10 c c the weight of 
sodium chloride is 0 0\n grams If 8 5 c c of standard silver mtrate solution 
are run m before the brick-red colour appears, 8 5 x 0 001 2 : grams of 
chlorine have been thrown out of the solution So 0 01 w grams of sodium 
chloride contam 8 5x0 001^ grams of chlorine and 0 OIw— (8 5 x 0 001 2 ^) 
grams of sodium 


THINGS TO MEMORIZE 
V 

Charles’ Law v ~ T, where V is the volume at 0^ C and T is the 
absolute temperature 


EXAMPLES ON CHAPTER VIII 

\ A closed glass graduated cyhnder of 10 sq cm sectional area, containing 
a mixture at atmospheric pressure of ammonia and air in equal parts by volume, 
stands in a dish of mercury with the top 2 > cm above the level of the latter 
A few drops of fairly strong mtric acid are introduced by a bent tube into the 
cylinder till all the ammoma has been absorbed To what level will the mercury 
rise? 

2 If two parts of hydrogen combme with one part of oxygen by volume to 
form water vapour, how high will the mercury use when an electric spark is 
passed through a mixture of 200 c c of hydrogen and 50 c c of oxvgen at 
atmospheric pressure in a glass cylmder of 10 sq cm sectional area> If the 
fluid were water (13 times less dense than mercury) how high would it rise? 

3 A quantity of oxygen m a cylmder m verted over water measures 200 c c at 
20° C and 740 mm pressure What is the volume of the oxygen dry and when 
measured at 0° and 76 cm pressure? 

4 A vessel of 2,000 litres capacity holds a quanuty of gas at 0° C and 
"40 mm pressure If the temperature rises to 24° C , what does the pressure 
become? 

5 If at 0° C and 76 cm pressure a litre of air weighs 1 293 gm , what will 
be the temperature at which a litre of air at 74 cm pressure weighs 1 gm ^ 

6 The temperature and pressure of the air at the top of a mine are 10° C 
and 30 inches of mercury respectively, at the bottom of the mme are 14° C. 
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and 30 5 inches Compare the density of the air at the bottom with that of the 
top 

1 A globe of diameter 8 mches has 10 cub ft of dry air at 32® F and at 28 
inches pressure pumped mto it What is the pressure when the globe is heated 
to 200® F ? 0° C - 32° F , 100° C = 212° F 

8 Pure sulphuric acid of density 1 84 gm per c c is diluted with water until 
Its final volume is one himdred times as great Then 6 c c arc measured and 
a drop of bromthymol blue gives it a bright yellow tint From a stock solution 
caustic soda is added drop by drop till the mixture suddenly turns a faint 
blue The burette shows t^t 7 5 c c have been used up If 10 c c of another 
solution of sulphuric acid requires 9 c c of the same stock solution to neutrahze 
It, how many grams of pure sulphuric acid per htre docs it contam? 

9 What volume would 100 c c of oxygen measured at 0° and 756 mm 
pressure occupy if the temperature were raised to 20° C and the pressure 
lowered to 760 mm ? 

10 If 32 gm of oxygen at 76 cm pressure and 0° C occupy 22 4 htres, how 
much oxygen would occupy 20 litres at 100° C and 80 cm pressure? 

11 To compare the densities of gases the weight of 1 htre is usually calcu- 
lated from observed data for the standard temperature of 0° C and pressure 
of 760 mm (called briefly S T P ) Tabulate the densities of the foUowmg gases 
and their relative densities to the nearest half mteger, takmg hydrogen (=1) 
as tlic standard, from the followmg data 



Weight 

Volume 

Temperature 

Pressure 

Gas 

(g) 

(cc ) 

(C) 

(mm ) 

Oxygen 

3 4234 

2,600 

10° 

766 

Ammonia 

2 1606 

3,000 

16° 

719 

Nitrogen 

1 7629 

1,500 

20° 

762 

Chlorine 

7 7446 

2,600 

10° 

758 

Hydrogen 

0 1027 

1,200 

16° 

763 


12 A graduated glass vessel inverted over sulphuric acid to absorb water 
vapour contains 600 c c of hydrogen at atmospheric pressure 100 c c of 
oxygen are admitted and an electric spark is mtroduced by msulated wires 
When the vessel is depressed till the level of fluid is the same mside and outside, 
the volume of gas contracts to 300 c c Again 100 c c of oxygen are admitted 
I he volume now contracts to 100 c c when the mixture is sparked When the 
same procedure is repeated the total volume is reduced to 60 c c A fourth 
repetition results in no contraction after sparking From this deduce the relative 
proportions m wluch hydrogen combmes with oxygen to form water If the 
densiues of hydrogen and oxygen at S T P are 0 0809 and 1 429 gm per litre 
respectively, find the combimng ratio of hydrogen and oxygen by weight 

13 Using the conclusion estabhshed m the precedmg experiment, deduce 
the proportion of oxygen m atmospheric air from the followmg data of an 
experiment in which all the water vapour formed is absorbed as before with 
sulphuric acid 


H>drogcn 

Air 

Total Volume after 

(C (. '' 

(cc) 

Sparking 

600 

600 

700 

600 

750 

800 

600 

1,600 

1,260 

600 

2,000 

1,760 
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14 1 968 gm of sulphur burns m air with the production of 1,500 c c of 
sulphur dioxide when the atmospheric pressure is 740 mm and the tempera- 
ture at which the gas is collected is 20^ C If the density of sulphur dioxide at 
S T P IS 2 877 gm per htre, find the combming ratios of oxygen and sulphur 
by weight 

15 If 1 605 gm of carbon burn in air with the production of 3,500 c c of 
carbon dioxide (density 1 978 gm per htre at S T P ) collected at 0 9 atmos 
pressure and C , find the combimng ratios of oxygen and carbon by weight 

16 If 1 gm of hydrogen at 0° C and 70 cm pressure on the mercury 
barometer occupies 1 1 2 litres, find the weight of 1 litre at 20" C and 75 cm 
pressure 

17 If 10 gm of oxygen at 0^ C and 76 cm pressure occupicj 11 2 litres, 
find the density of oxygen at 2 S'' C and 765 mm pressure referred to hydrogen 
at S T P as standard.. 



CHAPTER IX 


THE ATOMS OF DEMOCRITUS 

Intimations of the Age of Plenty 

Ii IS an error to draw a sharp distinction between ±e debt which science 
owes to the contributions of specially gifted individuals on the one hand 
and to social demand on the other The social background of science includes 
the material use of the fruits of scientific knowledge^ the matenal environ- 
ment which directs mdividual mterest to specific problems, the social 
tradition which checks or stimulates enquiry in one direction or another, 
and the way in which society makes use of its own personnel The exhausuon 
of former fuel supphes and the substitution of new ones towards the latter 
end of the eighteenth century culrmnated in the foundation of new chemical 
industries for the manufacture of sulphuric acid, bleachmg powder, coal 
gas, beet sugar, synthetic alkahs, and phosphorus matches Chemistry was 
in demand New benefactions and endowments provided it with new 
problems and new resources Consequently it could now command the ser- 
vices of a greater number of gifted individuals and select them from a more 
ample reservoir of talent 

1 he experimental chemist of the eighteenth century was, generally speak- 
ing, a man of means Boyle, Cavendish and Lavoisier belonged to the pros- 
perous classes The great figures of the mneteenth century like Davy and 
Faraday did not The new demand for talent was too great to be supphed 
by the social personnel from which the great chemists m the old tradition 
had been recruited When we have acknowledged to the full the debt which 
chemistry owes to men like Davy or Faraday, we are forced to recogmze 
that a decisive aspect of the rapid progress with which their names are 
associated was expansion of educiLonal opportumUes As far as we can be 
certain of anythmg about individual human fives we can be tolerably sure 
that the great Faraday, a bookbmder's errand boy, would never have been 
a chemist if he had hved a century before the Royal Institution was founded 

1 he new social demand for chemical knowledge m the decade which imme- 
diately preceded the great theoreacal advances of the mneteenth century 
is well illustrated by a remark m one of Boulton’s letters Referrmg to his 
son, he says “Matt is a tolerable good chemist I shall be glad when 
the time arrives for him to assist me m the business ” A good account of the 
circumstances which led to the foundation of the Royal Institution is given 
m J G Crowther's illummating essay on Davy Equally notable among the 
new organs of education adapted to the cultural needs of the manufacturmg 
class m England was Owens College at Manchester Just as Binmngham, 
the centre of the new machine industry which created a new demand for 
metallurgical knowledge, was also tlie focus of an important school of chemical 
discovery m the latter part of the eighteenth century, Manchester, then 
nsmg to prominence as a centre of the textile industry, was the home of 
an active school of chcmical research m the openmg years of the mneteenth 
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Pncstlcy himself had been a tutor at the Wamngton Academy, which was 
founded m the latter half of the eighteenth century to provide mstniction 
for the sons of prosperous mdustnahsts and busmess men with dissenting 
views Chiefly from among the pupils of the Wamngton Academy came ±e 
group of men who started the Manchester Philosophical and Literary 
Society with much the same character as the Limar Society of Birmmgham 
Its correspondmg members mcluded Benjamm Frankhn, Erasmus Darwm, 
and Josiah Wedgwood. Thomas Henry, who was one of the origmal members, 
was an acuve chemist, his son, a later member, bemg better known as such 
In an address to an early meetmg (1781) Henry (J>ere) emphasized the pre- 
emmence of chemical science m connexion with the needs of Manchester 
mdustnahsm* 

Nor IS tlie utility of chemistry more confined, or less connected with manu- 
factures than mechames Indeed chemistry may be, not improperly, called 
the corner-stone of the arts To show the advantages arismg from this 

science m all the arts through which they might be traced, would carry me 
far beyond the limits of my present design It may be sufficient to pomt out 
the connection which subsists between chemistry and those manufactures 
which are the pride and glory of this respectable commercial town Bleachmg 
IS a chemical operation The end of it is to abstract the oily and phlogistic 
parts from the yarn or cloth, whereby it is rendered more fit for acquiring 
a greater degree of whiteness, and absorbmg the particles of any colourmg 
materials to which it may be exposed The materials for this process are also 
the creatures of chemistry, and some degree of chemical knowledge is requisite 
to enable the operator to judge of their goodness Quicklime is prepared by a 
chenucal process Potash is a product of the same art, to which also vitriolic 
and all the acids owe their existence The manufacture ot soap is also a branch 
of this science All the operations of the whitster, the steepmg, washing, and 
boilmg m alkahne lixiviums, exposmg to the sun’s light, scourmg, rubbing 
and bluemg, are chemical operations, or founded on chemical principles 

James Watt, junior, representmg his father’s mterests m Manchester, 
became the Secretary of the Society m 1790 Among the origmal members 
were several who, like Priestley, showed an active sympathy with the French 
Jacobms Walker and Jackson, the secretary and president, promoted a 
correspondence with the Club of the Jacobms James Watt and Cooper, 
another member, were delegated to present an address to the Society of the 
Friends of the Constituuon at Pans m 1792 In his Reflections^ Burke alludes 
to this event obhquely with charactenstic violence 

The most important figures associated with the early history of the society 
were Wilham Henry and John Dalton The name of Henry, who pubhshed 
a system of chemistry which had passed through eleven cdiuons by 1809, is 
associated with the rule governing the relation of the pressure to the solu- 
bihty of a gas Henry’s law states that the mass of gas dissolved m a hqmd 
at fixed temperature is directly proporuonal to the external pressure of the 
gas If the gas m contact with the flmd is a mixture each consutuent exercises 
Its own “partial” pressure (Fig 282) For instance, water m contact with 
air at a pressure of five atmospheres dissolves the same mass of oxygen as 
water m contact with pure oxygen at atmosphenc pressure, smee air is a 
mixture of four-fifths mtrogen and one-fifth oxygen by volume, 

p 
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Dalton’s New System of Chemical Philosophy (1808) is a landmark m the 
history of science The editor of the Manchester memoirs nghtly remarks 
that It placed him among “that great race of thinkers which mcludes many of 
the finest names from Leucippus and Epicurus to Lucretius and onwards to 
Newton and Modem Science ” He it was who first saw a significant connexion 
between the known laws of chemical combmation and a particular theory of 
matter Thereafter the progress of chemical science is largely assoaated with 
the Atomic view 

The atomic theory of Dalton and his successors was fundamentally distmct 
from the speculations of the Greek materialists and the chemists of Newton’s 
generation It was primarily concerned with the quantity of the mgredients 
used m chemical combmauon Durmg the period of mcubation which mter- 
vened between the recogniuon of a third state of matter m manifold distma 
forms and the rapid progress of chemistry m the mneteenth century, gende- 
men of leisure, apothecaries, and others, had added much to facts already 
known about what kmds of substances combme to form others There were 
as yet no general rules of quahtative combmation to direct chemical in- 
dustry Still less could chemical science provide it with guidance of another 
kind In chemical manufacture it is not enough to know what mgredients 
to use It IS equally important to know m what quantities to use them and 
in what circumstances the best yield is obtamed 


LAW Oh COMBINATION BY WEIGHT 

1 wo new classes of discoveries made during the last decade of the eighteenth 
and the first decade of the mneteenth century paved the way for the new 
doctrine One is embodied m the law of combmation by weight, and the 
other in the law of combmation by volume 1 he law of combmation by weight 
embodies several distmct contributions, of which the earhest has already 
been mentioned The researches of Black and Lavoisier had made the balance 
an essenual part of the chemist’s eqmpment, and had foreshadowed the 
prmaple that the same substances combme m constant numerical pro- 
portions by weight to form a particular compound The discovery of constant 
proportion m chemical combination was followed by the recogmtion of defimte 
regulariues m, and resemblances between, the proportions of mgredients m 
related compounds The two most important of these are concerned with the 
proportions m which the same elements combme to form more than one 
different substance and the proportions m which different elements combme 
with the same element to form compounds 

What is called the principle of multiple proportions is the statement that 
when one substance umtes with another to form more than one compound, 
the proporuons m the different compounds which may be formed from the 
umon of the same substances exhibit a simple numerical relanon This may 
be illustrated by the composition of the oxides of carbon and mtrogen 

Carbon may umte with oxygen to form two different compounds One 
which IS formed by burmng carbon in excess of air is the carbon dioxide 
present m the air we breathe out If carbon dioxide is passed over heated 
carbon a colourless mflammable gas is formed This gas is not absorbed 
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appreaably by lime So it can be easily separated from unchanged carbon 
dioxide to compare its weight with that of the carbon which is used up m the 
process Carbon monoxide has the pecuhanty of expelling oxygen from 
combmation with the red pigment (haemoglobm) of our blood, makmg it 
useless as an oxygen earner to the tissues On this account it is highly 
poisonous, and its presence m coal gas makes the latter dangerous m quantities 
too small of ±emselves to produce mere suffocation It is thus quite distmct 
from carbon dioxide in its properties; and the proportion of carbon and oxygen 
contained m it is easily found by companng the weight of carbon dioxide 
used up with the weight of carbon required to convert a fixed amount of it 
mto carbon monoxide One way of doing this is to heat a known weight of 
carbon dioxide m a closed tube with a known weight of carbon At the end of 
the experiment the gas is blown into lime The amount of chalk produced 
tells us how much carbon dioxide is left (see p 417), and therefore how much 
has disappeared The final weight of the carbon tells us how much carbon has 
disappeared m combining with the carbon dioxide which has also disappeared 
A simpler method is to bum a known weight of carbon monoxide in air The 
only new substance produced is carbon dioxide, the weight of which can be 
got by absorbmg it with hme water (or other alkah) The difference between 
the v^eight of carbon dioxide formed and the weight of carbon monoxide 
tells us how much more oxygen a given weight of carbon dioxide contains 
We thus find that 11 grams of carbon dioxide contain 3 of carbon, while 7 
grams of carbon monoxide contain 3 of carbon Thus 3 grams of carbon are 
combmed with 8 grams of oxygen m carbon dioxide and with 4 grams of 
oxygen m carbon monoxide For an equal quanuty of carbon m each there is 
twice as much oxygen m carbon dioxide as m carbon monoxide 

Nitrogen forms several different compounds with oxygen m different pro- 
portions One of these which comes off when ammomum nitrate is heated 
was called by Priestley “laughmg gas,” and is now a familiar dental anaes- 
thetic Its composition was discovered by Davy It is quite colourless and has 
the peculiarity of supportmg combustion, like oxygen itself i e thmgs which 
bum easily in air will also burn in laughing gas Another oxide of mtrogen 
(nitric oxide) is formed when dilute mtnc acid is poured on to copper It also 
IS colourless, but produces brown fumes when mixed with air, is poisonous, 
and does not support combustion The oxides of nitrogen are decomposed 
when passed over red-hot copper, which takes up the oxygen contained m 
the gas with formation of copper oxide and mtrogen By weighmg the quanu- 
ties of mtrogen and copper oxide formed we can ascertam the proportions 
of oxygen and mtrogen in the oxide In 11 grams of mtrous oxide or laughing 
gas there are 4 grams of oxygen Hence 7 grams of mtrogen are combmed 
with 4 grams of oxygen In 15 grams of mtnc oxide there are 8 grams of 
oxygen Hence 7 grams of mtrogen are combmed with 8 grams Thus the 
amount of oxygen combmed vnth 7 grams of mtrogen m mtnc oxide is twice 
as great as m mtrous oxide 

The significance of this rule is easy to visualize, when we picture pure 
substances as if they were made up of discrete particles, each with a defimte 
weight characteristic of the substance itself The simple ratios that we find 
when we compare the proportions of different mgreients which make up 
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different substances containing the same consutuents, are simply explained 
if we reject the self-et^de^t conclusion tint matter is homogeneous, and choose 
the hvpotbesis that each particle of a pure substance is made up of one and 
the same whole number of elementary particles We can then picture each 
particle of a compound substance as the union of a fixed number of each of 
the elementary particles from which it is made (Fig 254) 

Such models also suggest the truth of another rule called the principle of 
reciprocal proportions It was expenmentally established about the same time 
as the prmciple of multiple proporuons Suppose A and B combme to form a 
compound AB, that B and C combme to form a compound BC, and that 
A and C combme to form a compound AC If the particular proportions m 
which A, B, and C combme are due to the fixed weight of the particles of 
which they are made up, we should also expect to find a simple numerical 
connexion between the combimng ratios of A and B, B and C and A 

It IS easier to see clearly what this means by examining an actual example 
such as the composition of three compounds of the elements hydrogen, 
carbon, and oxygen Hydrogen forms with carbon a gaseous compound 
which IS the principal combustible constituent, other than hydrogen itself, 
m coal gas It is called marsh gas or methane Methane is exuded from 
decomposition of orgamc material m stagnant water, sometimes igmtmg to 
form marsh fire or will o* the wisp In 4 grams of marsh gas 3 grams of 
carbon are combmed with 1 gram of hydrogen In water, which is an oxide of 
hydrogen, 8 grams of oxygen are combmed with 1 gram of hydrogen In 
carbon dioxide 8 grams of oxygen are combmed with 3 grams of carbon 
All the facts which are illustrated by the examples given may be com- 
bined m a single rule of combmation by weight If we take some element as 
our standard, e g hydrogen, and compare the weights of other elements 
which combme with one another, we find that they are generally simple 
multiples or submuluples of the ratios of the weights,* in which they 
respecuvely combine with 1 gram of hydrogen The table which follows 
illustrates the regularity of these combimng ratios by reference to the com- 
pounds already mentioned and certain others which are all articles of 
commerce 

LAW OF COMBINATION fiv VOLUME 

If each particle of a compound is made up of a fixed number of elementary 
particles each with a fixed weight, the simple numencal ratios of chemical 
combination by weight find a simple explanation Still the facts which estab- 
lish the law of combmaaon by weight do not tell us the relative weights of 
the particles mvolved m chemical reactions This is illustrated m Fig 254 
We might equally well cxplam the combimng proportions of oxygen and 
carbon by saymg either (u) the weights of a particle of oxygen and a particle 
of carbon arc m the ratio 8 3, one particle of each being present m carbon 
dioxide and two particles of carbon combmed with one of oxygen m carbon 
monoxide, or {h) the weights of a particle of oxygen and carbon are m the 

* The weight of an clement which will combme with, or take the place of, one gram 
of hydrogen is called its combtmng u\ight or equivalent weight 
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ratio 16 12 (or 4 3), one particle of each being present m a parade of 
carbon monoxide and two particles of oxygen combmed with one of carbon 
m carbon dioxide 

A cjearer picture of the structure of compounds is got by studymg the 
way in which gases combme by volume The law of combmation by volume 
IS that when gases combme to form other gases the volume of each of the 
products IS a simple fraaion or muluple of the volumes which react to produce 
them This rule, discovered by Gay-Lussac in ISOS, is only true if all the 
volumes are measured at the same temperature and pressure or so calculated 
by using the gas laws of Boyle and Charles If we mix 100 c c of hydrogen 
with 150 c c of chlorine in sunlight, the two gases combine to form hydro- 
chloric acid gas The total volume of gas after combmation is 250 c c On 


Carbon dioxide Carhati moizox ide 



liG 2^)4 

Atomic moJels to illubtratc same percentage composition by Weight 


removmg the hydrochloric acid gas (which is much more soluble than pure 
chlorine) the volume shrinks to 50 c c This remainder is pure chlorine Thus 
100 c c of hydrogen have combmed with 100 c c of chlorine to produce 
200 c c of hydrochloric acid gas If an electric spark is passed through a 
mixture of hydrogen and oxygen at a temperature above the boiling pomt 
of water, water vapour (steam) is produced If 100 c c of hydrogen are 
mixed with 100 c c of oxygen ±e final volume of gas is 150 c c If the water 
vapour is absorbed by some “dehydratmg agent” 50 c c of gas (oxygen) are 
left 1 hus 100 c c of hydrogen combme with 50 c c of oxygen to make 
100 c c of steam 

4 he meamng of this simple relation was at first puzzlmg, because it was 
taken for granted that the individual particles of each element present m the 
particles of a compound were quite separate m an element This is not m- 
irmsically likely for a simple reason When we say that charcoal and diamond 
are diflercnt forms of the element carbon, we mean that both bum m air 
to form, weight for weight, the same quantity of the same substance, carbon 
dioxide, and nothmg else Both charcoal and diamond (also soot and the 
graphite of our pencils) are therefore built up of the same elementary par- 
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ucles The fact remains that they are not identical An elementary gas can also 
exist m two forms When electric sparks are passed through oxygen, its volume 
shrinks somewhat It becomes more dense If the denser mixture is shaken 
with turpentmc, it shrinks further, and what is left has the same density as 
ordinary oxygen The ongmal volume of oxygen present before sparkmg and 
extraction with turpentme combmes with more carbon, and with more 
magnesium, than does the residual gas which has the same density as ordmary 
oxygen Sparked oxygen is thus a mixture of two things, ordmary oxygen and 
turpentme-soluble oxygen, which is called ozeme If the ozone is expelled 
from turpentine, it combmes with magnesium or with carbon to form the 
ordmary oxides of these elements Thus oxygen and ozone are made up 
of the same elementary particles If the atomic view is correct there is only 
one way m which they can differ The particles of an element must be com- 
pounds of several elementary parucles like those of a compound 
The particles of a compound are built up of elementary particles which 
are not all alike Likewise the particles of an element are built of smaller 
particles which are all the same Smee the number (and arrangement) of these 
smaller particles may conceivably be different, we need not be surprised if 
we meet a chenucal element m more than one disgmse Once we have drawn 
a distmction between complex particles or molecules and elementary particles 
or atoms mto which mole^es break up durmg a chemical reaction to com- 
bine in some new way, the law of combination by volume fits mto the atomic 
scheme Accordmg to our hypothesis the weight of a molecule of a given 
kind IS fixed The volume occupied by a given weight of gas therefore depends 
on the number of molecules of which it is composed If there is a simple 
relation between the volumes of combiiung gases, there must therefore be a 
simple relation between the number of molecules m the same volume of 
different gases A relation which fits all the facts is the most straightforward 
one, first put forward by Avogadro m 1811 Avogadro’s explanation was 
that equal volumes of all gases measured at the same temperature and pressure 
contain the same number of molecules Its acceptabihty does not depend upon 
bemg the only conceivable mterpretation of the observed facts about the 
combmatjon of gases We accept it for two reasons, one is that after long tnal, 
during which many chemists remamed judiciously scepucal, it has been 
found to weld all the knovm facts of chemical combination into a very simple 
scheme The usefulness of t^s scheme will appear when we sec how it is 
apphed Another reason for acceptmg it depends on the physical properties 
of gases This will be explamed later (p 479) 

Accordmg to Avogadro’s hypothesis, equal volumes of hydrogen, oxygen, 
and water vapour, at the same temperature, have the same number (x) of 
molecules. Hence if 100 c c of steam is made up of 100 c c of hydrogen and 
50 c c of oxygen, x molecules of oxygen combme with 2x molecules of 
hydrogen to make 2x molecules of steam So 2 molecules of steam must be 
made from the reaction of two molecules of hydrogen with one molecule of 
oxygen This means that one molecule of oxygen goes to the making of two 
molecules of steam, each contaimng at least one atom of oxygen One mole- 
cule of oxygen must therefore contain at least two atoms Agam, smcc 100 c c 
of hydrogen and 100 c c of chlorme combmc to 200 c c. of hydrochlonc 
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acid gas, one molecule of hydrogen and one molecule of chlorine react to 
form two molecules of hydrochlonc acid gas. Hence a molecule of hydrogen 
or of chlorme must contam two (or some other even number of) atoms Oxygen 
IS sixteen times as dense as hydrogen, and steam is mne times as dense If we 
take the simplest view, which is only justified by the fact that it works, a 
molecule of hydrogen consists of two atoms So if a molecule of steam is mne 
times as heavy as a molecule of hydrogen it is eighteen times as heavy as an 
atom of hydrogen This ratio, the weight of a molecule compared with the 
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Atomic models to illustrate I aw of Combination of Gases by Volume 


weight of an atom of hydrogen, is called the molecular weight of the substance 
So the molecular weight of steam is said to be 18 

The relation between molecular weight and relative density, when hydrogen 
is the standard, can also be stated in a symbolic form which will be useful 
later If a smgle molecule of a gaseous compound weighs M times as much as a 
hydrogen atom, M is called its molecular weight As a workmg hypothesis we 
assume that hydrogen has two atoms m each of its molecules So, if an atom of 
hydrogen weighs m grams, a molecule of hydrogen weighs 2m grams, and a 
molecule of the gaseous compound weighs Mm grams Accordmg to Avogadro 
1 htre of hydrogen contams the same number (x) of molecules as 1 litre of 
the gaseous compound at the same temperature and pressure So the weight 
(ttj) of 1 litre of hydrogen is 2mx, i e mx = Jw, and the weight (W) of 1 
litre of the gaseous compound is Mmx Hence W = }Mw, that is to say 
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M — 2 (W ~ w) The ratio W — w is the relative density of the gaseous 
compound when the standard is hydrogen It is usually called its vapour 
density The molecular weight of a gaseous compound is thus the same as 
tzmce Its vapour density The vapour density of marsh gas or methane is 8 
So Its molecular weight is sixteen 

Similarly the molecular weight of oxygen is 32 Takmg once more the 
simplest view, we may say that the weight of an atom of oxygen is IG times the 
weight of an atom of hydrogen This number is called the atomic weight of 
oxygen Qilorme is 35 5 times as dense as hydrogen So its molecular weight 
IS 70, and if its molecule contams 2 atoms, its atomic weight is 35 5 

In the last paragraph we assumed that the molecule of oxygen and the 
molecule of chlorine arc both built up of two atoms All we know is that if 
the atomic view is correct each must be built up of some even number of 
atoms The only imtial assumption we really need to make is that the hydrogen 
atom IS diatomic The molecular weight of any gaseous compound is then 
twice the ratio of its density to that of hydrogen The weight of the molecule 
of a substance of molecular weight W is the weight of W atoms of hydrogen 
Likewise the weight of an atom of an element whose atomic weight is A 
IS uie weight of A atoms of hydrogen So if there are x atoms of this element 
in a compound of molecular weight W, it contributes a weight equivalent 
to xh atoms of hydrogen to the total weight correspondmg to W atoms of 
hydrogen That is to say, the proportion (j>) by weight m every molecule 
is jcA — W, whence pW = xA The smallest number (x) of atoms of an 
element which could occur m the molecule of any of its compounds is 1, in 
which case pW = A This means that the atomic weight is the smallest value 
of the product of the molecular weight and the proporuon of an element 
m the same compound So we can check the provisional value of lb assigned 
to oxygen by an mdependent method, which involves making a table like 
the foUowmg, m which the proportions of oxygen are determined by analysis 
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Carbon monoxide 

14 

Carbon dioxide 

22 

Sulphur dioxide 

12 
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9 
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22 
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16 

63 
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48 

98 

J2 

49 
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We always find that if W is the molecular weight of any one of the thousands 
of oxygen compounds known, the number of grams of oxygen in W grams 
IS either 16 or some muluple of 16 (i e x times 16), never less We therefore 
conclude that A = 16 Thus if the molecule of hydrogen contams two atoms, 
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the atom of oxygen weighs 16 times as much as the hydrogen atom This 
method can be used for finding the atomic weight of any element 

To make sure that this is clear we may retrace our steps, using the symbohsm 
already applied to the relation between molecular weight and vapour density 
If a smgle atom of an element weighs A times as much as an atom of hydrogen, 
A IS called its atomic weight So if one hydrogen atom weighs m grams, one 
atom of the element weighs Pitn grams If there are n atoms of the element m 
one of Its compounds, the total weight of the element m one molecule of the 
same compound is Aw«, and if the molecular weight of the compound is M, the 
mass of a smgle molecule is M/w Hence the proportion (/?) by mass of the element 
m a smgle molecule of its compound is hmn — Mm, and /> M = n A If all the 
molecules of a gaseous compound are alike, the mass proportion of an element 
in one molecule of its compound is the same as the mass proportion of the 
element m any quantity which can be measured and analysed If we take M 
grams (called one mol) of the compound, the mass of the element present m it 
must be pM, which is wA So wA is the number of grams of the element in one mol 
of one of ns compounds Among the compounds of an element some will have 
molecules with 1, some with 2, some with 3, and some with more, atoms of the 
element The smallest value of n is therefore 1 If one molecule of a compound 
contams one atom of an element whose atomic weight is A, one mol of the 
compound will contain A grams of the element Unless the element never forms 
compounds in which only one atom of it is present in each molecule, A is the 
least number of grams of the element contained in one mol of any of its compounds 
Even if none of the known compounds of an element is made up of molecules 
which only contain one of its atoms, the correct atonuc weight can usually be 
inferred Suppose tlie only known oxygen compounds were sulphuric acid> 
nitric acid, and carbon dioxide We should then gel the followmg values for 
«A ()4, 48, and 32 Since 48 is one and a half times 32, we cannot give oxygen 
an atomic weight of 32 If we did, we should have to make n = IJ in nitric 
oxide Smee we have constructed our molecular model on the assumption that 
It must contain a whole number of atoms, the atomic weight of oxygen cannot be 
greater than 10 

We are now in a posiuon to make a more defimte picture of how a molecule 
IS built up We may illustrate this by a rhyme which you may have heard 

Alas poor James is dead 

We see his face no more. 

For what he thought was HgO 

Was HaSO^ 

Ihc molecular weight of water vapour is 18 The atomic weight of hydrogen 
which IS taken as our standard is 1 That of oxygen is 16 So the molecule 
of water is built up of two atoms of hydrogen and one of oxygen This fits 
the tacts of combinaaon by weight and volume By weight 9 grams of steam 
contain 8 of oxygen and 1 of hydrogen By volume 2 of hydrogen umte with 
one of oxygen to make one of steam The density of sulphuric acid which is 
the substance referred to in the last hne of the quatram is 49 times as great 
as that of hydrogen Its molecular weight is therefore taken to be 98 It only 
contains the elements hydrogen, sulphur, and oxygen Hence we may say 
that if a molecule of sulphunc acid is built up firom n molecules of hydrogen^ 
m molecules of sulphur and / molecules of oxygen 
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(a) n tunes the atomic weight of hydrogen = number of grams of 
hydrogen m 98 grams of sulphuric aad 

Q>) m times the atomic weight of sulphur == number of grams of sulphur 
m 98 grams of sulphuric acid. 

(c) / tunes the atomic weight of oxygen = number of grams of oxygen 
m 98 grams of sulphunc aad 

Analysis shows that the hydrogen content is approximately 2 per cent or 
2 grams m every 98 grams Smce n tunes the atomic weight of hydrogen 
is 2, and the atonuc weight of hydrogen is 1, n itself is 2 The sulphur content 
is 32 7 per cent or 32 grams m every 98 grams Since the atomic weight of 
sulphur IS 32, m times 32 is 32, whence w -= 1 The oxygen content is 65 3 
per cent or 64 grams in every 98 Smce the atomic weight of oxygen is 16, 
I times 16 is 64 , 1 e / = 4 Thus the molecule of sulphuric acid is said to be 
made up of 2 atoms of hydrogen, one of sulphur and 4 of oxygen This is 
briefly mdicated by the formula H 2 SO 4 
In such formulae some of the commoner elements are represented by the 
iniual letters of the Enghsh names, and others, to avoid duplication, by 
Latm or Arabic names Thus carbon dioxide is CO 2 , carbon monoxide CO, 
mtrous oxide N 2 O Sodium is represented by the symbol Na (short for 
Natnum) and Potassium by the symbol K (short for Kalium from kali ashes)^ 
caustic soda (sodium hydroxide) and causDc potash (potassium hydroxide) 
being NaOH and KOH respectively Here is a table of the atomic weights 
of the elements already mentioned and of a few additional ones* 


Hydrogen 

H 

I 01 

Iron 

Fe 

55 8 

Helium 

He 

4 

Nickel 

Ni 

68 7 

Lithium 

Li 

6 94 

Cobalt 

Co 

68 9 

Beryllium 

Be 

9 02 

Copper 

Cu 

65 6 

Boron 

B 

10 8 

Zme 

Zn 

65 4 

Carbon 

c 

12 

Arsenic 

As 

74 9 

Nitrogen 

N 

14 

Bromme 

Br 

79 9 

Oxygen 

0 

16 

Strontium 

Sr 

87 6 

Fluorine 

F 

19 

Silver 

Ag 

108 

Neon 

Ne 

20 2 

Cadmium 

Cd 

II2 

Sodium 

Na 

23 

Tm 

Sn 

119 

Magnesium 

Mg 

24 3 

Antimony 

Sb 

122 

Aluminium 

A1 

27 

Iodine 

I 

127 

Silicon 

Si 

28 1 

Barium 

Ba 

137 

Phosphorus 

P 

31 

Tantalum 

Ta 

181 

Sulphur 

S 

32 1 

Tungsten 

W 

184 

Chlorine 

Cl 

35 5 

Platinum 

Pt 

195 

Potassium 

K 

39 1 

Gold 

Au 

197 

Argon 

A 

39 9 

Lead 

Pb 

207 

Calcium 

Ca 

40 1 

Bismuth 

Bi 

209 

Chromium 

Cr 

52 

Radium 

Ra 

226 

Manganese 

Mn 

64 9 

Uramum 

U 

238 


* The values given are correct to three significant figures The weight of an atom 
of oxygen is not exactly 16 times the weight of an atom of hydrogen Smce hydrogen 
compounds of the elements are less common or suitable than oxides for determina- 
tion of atomic weights, oxygen is now given the standard value of 10 The atonuc 
weight of hydrogen (correct to four figures) is then 1 008 
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USEFULNESS OF THE ATOMIC VIEW 

We shall have plenty of opportunities at a later stage to show why the 
atomic view is useful Here we may examme only three of its uses The 
first raises an issue which has not emerged m any of our previous discussions 
of the nature of scientific method Scientific method cannot be kept m the 
strait- jacket of any simple defimtion One way of defimng saence is to 
say that it is an inventory of the furmture of nature The essence of a good 
mventory is that you should be able to turn up the information which you 
want quickly So one aspea of scientific knowledge is classification It is a 
very important aspea of those branches of saentific knowledge which deal 
with a great variety of objects, as, for mstance, chemistry, biology, and 
sociology 

Scientific classification involves making new words or symbols for objeas 
These new words have two uses The first is to convey as much relevant 
informauon as possible, and the second is to avoid confusmg different 
things or mtroducmg irrelevant assoaations Students of social questions 
would do well to ponder on the immense debt which chemistry and biology 
owe to the deliberate mvcntion of new symbols which have this charaaeristic. 
They are often referred to contemptuously as jargon, espeaally by the sort 
of people who think it is tremendously important to be able to place Francesca 
da Rimim or repeat the correa tags for objets d'art 

Compare with us atomic label H2SO4 the medieval name for sulphuric 
acid, oil of vitriol If you are a classical scholar the latter suggests that it 
has some connexion with or similarity to glass This is not true The only 
other thing you are likely to recall^when the word is’^used is that ladies 
sometimes throw vitriol at one another Contrast this with the information 
which IS conveyed by the formula H2SO4 To begm with, it tells you from 
what elements sulphuric acid is built up If you have a table of atomic weights, 
It also tells you m what proporuon by weight they are present m it Smee 
the atomic weights of the common elements are easy to remember, a table 
IS rarely necessary When you know a httle more about other compounds it 
tells you much about the way in which their properties and preparation are 
interconnected The words alabaster and Epsom salts suggest no connexion 
with vitriol The formula CaS04 and MgS04 at once direa your attention 
to the fact that the first (which in combmation with water is alabaster) and 
the second (which in combinauon with water is Epsom salts) both have the 
same cluster of atoms or radicle^ as chemists say, 1 e SO4, present m oil of 
vitriol 

In one this radicle is combmed with the metal calcium and m the other 
with the metal magnesium When hydrogen takes the place of a metal m 
associauon with such a cluster of atoms the compound is an aad The metalhc 
derivatives of an acid or salts can sometimes be formed, as m this example, 
by direa acuon of the acid on the metal They can also be formed by dis- 
solvmg a metalhc oxide, the hydroxide of a metal, or a metalhc carbonate m 
the acid If we know that chalk is CaCOg, 1 e it has the CO3 radicle of all 
carbonates, or that quickhme is CaO, 1 e it is the oxide of calcium, or that 
slaked hme is Ca(OH)2, 1 e it is the hydroxide (alkah) of calaum, wc know 
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that any one of these substances will combine with sulphuric acid to produce 
calcium sulphate. This is not merely an economy of effort It also stands for a 
social achievement Chalk, lime, oil of vitriol, alabaster, and Epsom salts, are 
)ust names of ob)ects which occur in nature or can be made by some rule 
of thumb method from some special constituents which exist in some par- 
ucular place Write their names m the new symbols, and you exhibit all sorts 
of ways of making them from all sorts of materials It may be that some of 
them will be found available almost anywhere They have ceased to be mere 
articles of consumption and have become mstruments of production 
There are several other interestmg items of information contained in the 
formula H 2 SO 4 As already explamed, analysis of salts formed when acids 
attack metals or dissolve their oxides, etc , shows that a salt is a compound in 
which an atom of metal takes the place of one, two, or more, atoms of hydrogen 
Sulphuric acid has two atoms of hydrogen m each molecule. One or both can 
be replaced Thus we can have two salts formed by the combmation of 
sulphunc acid and caustic soda (NaOH) sodium hydrogen sulphate NaHS 04 , 
and disodium sulphate Na 2 S 04 Similarly carbomc acid (H^COg) formed by 
dissolving carbon dioxide in water forms two sodium salts, sodium bicarbonate 
(sodium hydrogen carbonate) or bakmg powder (NaHCOg), and sodium 
carbonate (di-sodium carbonate) or NagCOg which is anhydrous washing 
soda On heatmg it, bakmg powder gives up carbon dioxide and water vapour 
becoming washmg soda The bubbles of gas (carbon dioxide), also produced 
by the respiration of the yeast orgamsm, can be used to “raise” bread, etc 
T hey get imprisoned in the dough and thus give it the spongy texture required 
for culmary purposes The way m which this happens may be represented in 
symbohc form by what is called a chemical equation thus 

2 NaHC 03 NagCOg + H^O + COg 

This means that when sodium bicarbonate breaks up, one molecule of water 
and one molecule of carbon dioxide gas are formed with each new molecule 
of sodium carbonate In pastry the taste of the washmg soda is disguised 
by sugar and other ingredients For bread which is not specially flavoured 
yeast is preferred as a gas generator 

If we have found the atomic weight of calcium, as explamed on p 4~>7, 
analysis shows that a possible formula for calcium sulphate is CaS 04 , and a 
correspondmg one for sodium sulphate (disodium sulphate) is Na 2 S 04 So 
likewise chalk or calcium carbonate may be written as CaCOg, and washing 
soda as NagCOg Corresponding to a bisulphate (or hydrogen sulphate) and 
a bicarbonate (or hydrogen carbonate) of sodium there are salts of calcium 
Calcium bicarbonate is represented by the formula Ca(HC 03)2 One atom of 
sodium takes the place of one atom of hydrogen, and one atom of calcium 
takes the place of two atoms of hydrogen On this account sodium is said to 
have a valency of 1 and calcium of 2 

Unlike calcium carbonate (chalk), calcium bicarbonate is fairly soluble It 
IS present m very appreciable quantities in the natural waters of chalky 
soils When boiled it behaves like bakmg soda, as represented by the chemical 
“equauon” 


Ca(HC 03)2 CaCOg + HjO + CO, 
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Thus It IS turned mto chalk which is not soluble. Soluble calcium salts umte 
with soaps which are sodium (hard) or potassium (soft) salts of certam acids 
derived from fats and oils Calaum replaces sodium (or potassium) to form 
an insoluble salt “curds ” If the calcium is present m the form of bicarbonate 
It may be removed by simply boiling the water This is one reason for 
boihng water before shavmg “Hard’^ water is sometimes hard because it 
contams calcium sulphate which is not precipitated, 1 e thrown out of solu- 
tion, by boilmg Calcium sulphate will react with any soluble carbonate to 
form the msoluble calcium carbonate and the sulphate of the other metal 
That IS why we use washmg soda The reaction proceeds according to the 
chemical equation 

Na.^C 03 + CaS 04 ->CaC 03 + NagSO^ 

We have not nearly exhausted the information contamed in an atomic 
formula If you tell me ±at somethmg is common salt (which is mostly 
sodium chloride), I may recall the biblical assertion that a virtuous woman 
without discretion is like an egg without salt, or maybe one or two other 
things None of them tells me ho\4{ to go out and look for it, or to recogmze 
It except by a taste which is by no means peculiar to it When you say that 
a substance is NaCl, I infer that it is built up of the two elements sodium 
and chJonne, that it is a salt of hydrochloric acid and could therefore be 
made by dissolving washing soda in “spirits of salt ” Because nearly all 
sodium salts are soluble and nearly all chlorides are soluble, I can conclude 
that It almost certainly dissolves readily in water 

I can also infer that its presence can be detected by applying the tests for 
idcntitymg the element sodium, and the tests for identifymg any soluble 
chloride All sodium compounds colour a flame bright yellow Among the 
few insoluble chlorides is silver chloride, which is hght-sensitive, darkemng 
on exposure to sunlight If a soluble silver salt (e g silver mtrate) is added 
to a soluble chloride in solution the insoluble silver chloride is precipitated 
as a flocculcnt mass which darkens in sunlight So 1 know that a drop of 
silver nitrate solution added to a solution of sodium chlonde will produce 
this result Consider another salt Call it potash fertilizer, and I only know 
that It IS used for soils deficient in the element potassium which is essential 
to plant life Call it K2SO4 and I know how to detect it Like all potassium 
compounds, it will unt a non-luminous flame with a violet hue The element 
barium, which is closely related to calcium, and like it has a valency of 2, 
forms an extremely msoluble sulphate which is precipitated from any solution 
of a soluble sulphate as a very heavy white powder when a soluble compound 
of barium hke banum chloride is added Potassium sulphate is recognized as 
a potassium salt by the flame test and as a sulphate by addmg a soluble 
barium compound in solution The ensumg reaction may then be wntten 

K2SO4 + Baa2->2Ka 4 - BaS04 

Our formula thus enables us to make a rapid conspectus of a very large 
number of otherwise unrelated facts about how to prepare and how to 
recognize or search for a substance Much more than this is mvolved The 
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atomic formula is a reape for the assay of a substance Once chemical manu- 
facture began to develop, the purity of the matcnal sold required a guarantee 
Under the old economy of natural products the guarantee of purity was the 
source from which the material was obtained Thus Casnllc soap was soap 
of special excellence The atomic theory reduced the whole techmque of 
estimatmg the punty of compounds to a system so simple that you need to 
know very few facts to find out how much you have got, if you also know the 
formula of a substance 

To make this clear we will suppose that we have a mixture of washing 
soda and potash fertilizer and want to know how much of each a weighed 
quanuty of the mixture contains We nught then proceed in one of two 
ways, or combine both to check one another We first dissolve a weighed 
quantity m a known volume of water, and hence know the weight of mixture 
mice of the solution Should we deade to estimate the washing soda, 
one simple way depends on the fact that carbonates will neutrahze nearly all 
acids Nearly all aads decompose them, makmg them effervesce, owing to 
the liberation of carbon dioxide For instance, the effervescence of sherbet 
is due to the admixture of tartaric acid crystals with baking soda and sugar 
When the acid dissolves, it sets free COg formmg sodium tartrate 

If, therefore, we add a measured quanuty of hydrochloric acid solution 
of known strength to a measured quanuty of the mixture we shall break 
up the washmg soda (sodium carbonate), usmg up a corresponding quanuty 
of hydrochloric aad to form sodium chlonde The atomic formula tells us 
what the corresponding quanuty is, i e what weight of washing soda neutra- 
lizes what weight of dissolved hydrochlonc aad gas 

What weight of hydrochlonc acid is neutralized is easily determined in 
the following way From a burette (p 444) we add a solution of caustic soda 
which turns htmus dye blue to a known quanuty of acid solution, made 
red by addition of a little htmus solution If we add the soda drop by drop 
we reach a pomt where one drop just turns the colour from red to blue At 
this pomt all the hydrochloric acid is used up to form sodium chloride If it 
takes 12 c c of caustic soda to neutralize 10 c c of our standard acid solution, 
1 c c of the soda corresponds to five-sixths of a c c of the acid standard We 
may now add the same quantity (10 c c ) of aad to a measured quantity of 
mixture contammg sodium carbonate and find that on addmg dye when all 
effervescence has ceased only 8 c c of soda are required to change the tint 
Before addmg the soda there must have been five-sixths of8cc,ie 6 7cc, 
of hydrochloric aad left, and 3 3 c c had been used up to decompose the 
sodium carbonate The aad soluuon is of known strength, i e a known weight 
of hydrochlonc acid gas has been dissolved m a measured volume of water 
So we know how much of the former is contamed m 3 3 c c The correspond- 
mg amount of carbonate is contamed m the formula Since sodium chloride 
has the formula NaCl and sodium carbonate has the formula NagCOg the 
reaaion proceeds m this way 

2Ha + Na^COg 2Naa + H,0 + COg 

This means that for every molecule of sodium carbonate present two mole- 
cules of hydrochlonc aad are used up The molecular weight of the latter 
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IS 36 5 (see p 467) The atomic weights of carbon and sodium are given 
in tables prepared by the method cxplamed on pp 457-9 as 23 and 12 respec- 
tively Thus the molecular weight which corresponds to the formula adopted 
for sodium carbonate is 2(23) + 12 + 3(16) = 106 The ratio of the weights 
of two molecules of hydrochloric acid and one molecule of sodium carbonate 
are 2(36 6) 106 Hence, 106 grams of sodium carbonate corresponds to 73 
grams of hydrochloric aad, and if x grams of the latter are used up the amount 
of sodium carbonate present was 106x — 73 grams 

COOL CLEAN CHEMISTRY 

You must not imagme that all the wealth of information which is carried 
in a single atomic formula came mto bemg suddenly Avogadro’s hypothesis 
put forward m 1811 was the master clue to a vast jigsaw puzzle Till the end 
of the nineteenth century many of the pieces remamed out of place The 
atomic weights asenbed to some of the elements were twice as large as they 
ought to have been, because compounds with the minimum number (1 e 1) 
of atoms per molecule had not been studied The formulae ascribed to 
substances which were not known in the gaseous state were largely conjectural, 
and indeed it does not make any difference for calculation of correspondmg 
quantities in an analysis whether we represent the reaction between caustic 
soda and hydrochloric acid, the molecular weight of which can be determined 
by direct application of Avogadro’s prmciple, as 

NaOH + HCl - NaCl + H 2 O 

or (wrongly) as 

Na/OH)2 + 2HC1 = Na2Cl2 + 2 H 2 O 

The formulae which we now use depend to a large extent on the discovery 
of new theoretical principles which we shall come to later Before order finally 
emerged out of chaos, the study of chemistry was acquirmg a new impetus 
from the apphcation of new techmque and mstruments, just as astronomy 
had benefited m the seventeenth century from the discovery of the pendulum 
clock, the telescope, and the vernier 

One of the most strikmg thmgs about the progress of chemical technique 
in the nineteenth century is the wide horizon of human possibihties which it 
disclosed Instead of supersedmg, it merely enriched the theoretical knowledge 
required to carry on with the old techmque of chemical manufacture In a 
large measure tins is the technique still used Consequently we have at our 
disposal for produemg wealth vast stores of knowledge which have never been 
fully exploited Few of our legislators or social theorists even yet realize 
that the pattern of social life fashioned by the nse of chemical manufacture 
was m no sense a necessary result of applymg science to human life The use of 
chemistry was determmed by the same blmd economic forces which en- 
couraged its early growth with no prescience of the social outcome Meanwhile 
growing knowledge was pointing to the possibihty of a different pattern of 
soaal life Only a few visionaries could see it Polincians do not study science 
and scientists arc not encouraged to meddle m pohtics 
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The multiphcity of commodmes which resulted from the nse of chemical 
manufacture was accompamed by the multiplication of congested urban 
populations hvmg in sooty squalor People became accustomed to regard one 
as contmgent on the other From earhest antiqiuty towns had been the focus 
of any scientific culture The hypertrophied urban squalor which is now 
bearmg fruit m umversal sterihty and the prospect of racial extmction was 
therefore accepted as the pnee \ve pay for what is called a high standard of 
life The social outlook of people who were hosule to innovation identified 
the dark satanic nulls of Blake’s poem with the apphcation of science and 
England’s green and pleasant land with the lack of it The social outlook of 
people who welcomed the prosperity which the new knowledge brought in its 
tram identified the social use of science with the produenon of an ever- 
mcreasmg muluphaty of commodities, and accepted urban congestion as a 
necessary evil These two alternatives still represent the attitude of the 
majonty of people educated m a culture which has no place for studying the 
social background of science 

We shall be able to find our way through the jungle of silhness which hes 
behmd this false antithesis when we come to the conquest of power The 
England which Blake loved was a land in which there were wmdmiUs and 
watermills m picturesque and healthy surroundmgs Virile people who did 
not as yet thi^ it shameful to bear children were learning to replace the 
slave labour of anDqmty by non-human sources of power 

The use of coal as a source of power coincided with its mtroduction as a 
basic necessity for contmmng the oldest of all the chemical industries — the one 
which mmistered especially to the needs of the production of new machin- 
ery From antiquity we associate metallurgical operations with Vulcan’s 
anvil and Etna’s fires Till the final death of the phlogiston doctrme, fire 
reigned supreme as the umversal solvent, the touchstone of chemical processes 
When coal replaced charcoal as the reducing agent of the furnace, power 
production and metallurgy coalesced m the areas where iron and coal were 
found together The new chemical mdustries, like synthetic alkahs, foUowmg 
the traditional techmque of the furnace, equally relied on coal as their source 
of the umversal solvent 

Till the begmmng of the nineteenth century mankind depended on two 
methods of mducmg chemical combmation and decomposition One was 
preapttatwn m solution Concermng this more will be said later The other 
was heat The mtroduction of coal made dirt a necessary accompaniment of 
heat m chemical mdustry The rapid progress of theoretical chemistry which 
followed the rise of chermcal manufacture was largely due to the introduction 
of methods which do not demand heat or dirt Chemistry was becoming 
cleaner and cooler while society was getting hotter and dirtier 

Three features of the new techmque of chemical research will now be 
mentioned The first will help us to see that science is not merely an mstru- 
ment for multiplymg commodities to distract neurotic urban populations 
If rationally used and soaally directed it could be the means of redes ignmg 
social life m accordance with fundamental and umversal human needs, as for 
mstance the need to bear children if the race is to continue, and the need 
for a httle pnvacy as a safeguard against universal msamty 
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{a) Electrolytic Decomposition — Electrical phenomena might have remained 
almost completely unknown, as they had been for centuries, if they had not 
suddenly become important for a simple reason The toys or electrical 
machines which had previously been mere curiosities, now became an essential 
part of the chemist’s equipment The early frictional machines made it 



Mcctroplating and the decomposition of water by a simple voltaic cell of copper ( + ) 
and zinc (— ) electrodes Note, hydrogen and metals are deposited on the electrode 
connected with the negauve terminal of the cell In silver-platmg a mixture of silver 
cyanide and potassium cyanide is often used instead of silver mtrate as it gives a more 
uniform deposit 

possible to bring into a closed vessel the spark which mduces hydrogen to 
combine with oxygen One of the first tricks which was earned out with the 
electric battery was the converse operation of decomposing slighdy acidified 
water If the two free ends of pieces of wire connected with a battery are 
dipped into water containing a trace of aad, salt, or alkali, there is a bnsk 
evolution of bubbles Analysis shows that the bubbles from the free end 
connected with the positive pole (anode) of the battery are oxygen Bubbles 
of hydrogen come off from the free end connected with the negauve pole 
(katliode) It is easy to collect these bubbles (Fig 266) and thus to show that 
when water decomposes the volume of hydrogen produced is twice as large 
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as the volume of oxygen Thus electriaty makes it possible to establish the 
composition of water both by compellmg its constituent elements to combme 
{synthesis) and by decomposmg it mto its consutuent elements {analysis) 

Further study revealed a very important division of chemical compounds 
If the free ends of two pieces of wire are placed at the ends of a tube contaimng 
pure water a current does not pass along it If some common salt is dissolved 
m the water, the tube conducts a current just as if it were a wire This is not 
true of all soluble substances Alcohol or sugar, for mstance, do not make 
water conduct electricity There is, however, a very large class of substances 
(called on that account electrolytes) which make water conduct Acids, soluble 
salts, and alkahs, are electrolytes When a current passes through a soluaon 
of an electrolyte, the latter always undergoes decomposiuon The so-called 
decomposition of water by electricity is rather a comphcated process resultmg 
from the break up of the acid, etc , added to make the water conduct, and the 
reacuon of the produas of decomposition on the water itself 

Generally speakmg, with weak solutions this is all that is obvious Thus a 
very weak solution of table salt will electrolyse with the producuon of 
hydrogen and oxygen On the other hand electrolysis of a very strong soluaon 
with a strong current will be accompamed by vigorous evolution of chlorme 
gas, which was first discovered m this way to be an element The year 1807 
may well rank as one of far greater importance to mankmd than the year 
1815 which we all remember Davy then discovered that if a saong current is 
applied to a moist electrolyte it first melts, conducts electricity well, and 
decomposes in the process He used solid causae soda and causae potash 
and found that m each case a new metal coUeaed around the negauve 
pole 

These two new metals — sodium and potassium — arc essenaal elements of 
two of the oldest ingredients — salt and pot ashes — of a chemical economy 
which had persisted from the Neolithic The discovery of calcium from the 
electrolysis of its compounds which had been used in the manufacture of 
glass, the cunng of leather, and the preparaaon of cement from remote 
anaquity, followed shortly after All three metals had stubbornly refused to 
yield to the universal solvent of the Iron and Copper Age metallurgies Their 
discovery announced the existence of a new agency in man’s social life — the 
light metals, which cannot be separated by the tradiaonal method of the 
blast furnace Two thmgs about these new light metals are specially unportant 
One IS that although they remamed undiscovered so long, they mclude all the 
most abundant metals m the earth’s superficial crust as far down as we can 
penetrate it Livmg as we do in the twihght of the Iron Age, most of us think 
of iron as a very common metal, perhaps as the most common of the metals 
This is wrong, as you will see at once when you stop to think about how much 
salt there is in the sea, or how much chalk m the cliffs 

Neither sodium nor calcium could replace iron for social use Both metals 
oxidize rapidly m air, and combme with water to form their hydroxides, 
liberating hydrogen wiuch catches fire The reacaon proceeds as represented 
in the equations 

2Na + 2H20 -> 2NaOH + Hg 
Ca + 2H20 Ca(OH)2 + H, 
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Although the use of sodium, potassium, and calaum m the elementary state 
IS confined to a limited number of processes, the hght metals mclude elements 
which arc just as durable as iron With a small admixture of other metals they 
yield alloys which are as hard The two most important are magnesium and 
aluminium Both are extremely abundant, and are distnbuted umversally 
About 10 per cent of sea salt is the chlonde of magnesium, a very dehquescent* 
compound which confers on common cookmg salt its drymg properties So 
brine is a sufficient source, and the ocean contams a well-mgh mexhaustible 
store of It Down to a depth of about twenty-five miles alumimum is estimated 
to be about twice as abundant as iron In the more superficial layers of the 
earth’s crust accessible to mining operations it is immensely more abundant 
than any other metal Nations do not need to go to war to get alumimum and 
magnesium compounds Alumimum is present m every scrap of ground we 
stand or bmld on Common clay is mainly an alumimum salt — alumimum 
silicate The Soviet Union have now mastered the techmeal difficulties of 
produemg alumimum from clay on an mdustrial scale 

The last two decades have witnessed a veritable revolution m metallurgy 
through the electrochemical production of the two hght metals As one 
American chemist puts it, we are passmg out of the Iron Age which has 
lasted since about 1000 b c , and are now on the threshold of the Mag-Al Age 
A very good account of this development which was made possible by 
Davy’s discovery is epitomized m the followmg citations from Mantell’s 
book Sparks from the Electrode (pp 64-78), wntten m 1931 

Aluminum is truly a metal of the modem age, for its development on a 
commercial scale has taken place withm the memory of many now livmg 
The Damsh chemist Oersted m 1825 announced m a paper before the Royal 
Damsh Academy of Sciences that he had produced aluirunum “the metal of 
clay” In 1845 at Gottmgen, Wohler made some of the metallic particles as 
large as big pinheads In 1854 Samte-Claire Deville, a Frenchman, announced 
a substitution of sodium metal for potassium m Wohler’s method and with 
the addition of common salt, or sodium chloride, to the alummum chloride 
made a readily melted material which acted as a flux and caused the alummum 
globules to run together Napoleon III, because he saw the possibilities 

of usmg the hght metal alummum for helmets and armour, aided Deville’ s 
work Bars of alummum were exhibited at the Pans Exposition m 1855 In 1856 
the metal cost $100 a pound, and the year afterwards about $27 a pound 
Two years later, because of improvements in the process, it was down to $17 
The Alummium Company Ltd at Oldbury near Birmmgham, England, 
erected a works m 1888 usmg the Castner sodium process and the Deville 
alummum method Production reached 500 pounds a day and the metal was 
sold for about $4 a pound Charles Martm Hall, while still a student at 

Oberlm College, became mtercsted m the problem of findmg a cheaper method 
for produemg aluminum His imagmation had been fired when he read of 
Deville’s work and found the statement that every clay bank was a mme of 
alummum, and that the metal w^as as costly as silver He reasoned tliat alu- 
mmum oxide could be obtained cheaply and m the pure condition, but us 
meltmg point (2050"' C ) was too high for it to be electrolyzed while m the 

* I e capable of removing water vapour from the air and of dissolving m the 
moisture so formed 
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molten condition If he could but find a salt or material which would melt 
at a lower temperature and dissolve the alumina, or alummum oxide, as sugar 
dissolves m water, he could electrolyze it in soluuon This viewpoint was 
different from that of previous experimenters He discovered that the mineral 
cryolite, found m large quantities m Greenland, when melted would dissolve 
alumina The alumina in solution could be decomposed by the current to 
produce alummum metal Ultimately he became acquamted with the 
men who orgamzed the Pittsburg Reduction Company to operate his process 
This orgamzation eventually became the Alummum Company of America 
The hot molten cryohte and alummum are quite destructive of material used 
for the furnace Hall solved the problem by the use of an iron crucible or box 
hned with carbon The pot, as the workmen call the furnace, is dius a 

strong steel box, usually rectangular m shape and provided with a carbon 
linmg 6 to 10 mches m thickness Blocks of carbon dip mto the molten bath 
This consists of cryohte m which alummum oxide is dissolved The carbon 
lining and the pot itself constitute the cathode or negaUve pole 1 he alumma 
IS broken up mto alummum metal which sinks to the bottom of the cell, and 
oxygen which rises to the top When enough alummum forms, the tap 

hole IS forced open and die alummum dramed from the cell mto a ladle from 
which It IS cast mto its pig or mgot form An alummum plant consists of row 
upon row of these pots, each with its litde mdicator lamp to show the workman 
how the pot is functiomng The pots operate contmuously through the bright 
hours of the day and the long hours of the mght, the men working m shifts of 
eight hours The world production of alummum had grown from 16 
metnc tons m 1886 to 19,800 tons m 1907 More than half of the growth had 
taken place from 1904 to 1907 By 1929 there had been an mcreasc of 1300 per 
cent to an annual total of over 270,000 tons In the same period, the production 
of iron had mcreased 60 per cent, that of lead less than 76 per cent, and zme 
100 per cent, while copper, the metal most largely used in electrical machmery 
and as such the prmapd compeutor of alummum, made a gam of 170 per cent 
The possible growth of alummum can be judged from the fact that the world 
produces about one-fifth as much alummum as zme, and 1/350 as much 
alummum as iron Alummum is an mternational metal, yet it has only 
become so withm the last twenty-five years, for we find that five of the present 
Norwegian plants, all the Itahan and Russian plants, all of those of Germany 
except one small one, two of those of Great Britam, five m France mcludmg the 
largest one there, and half the plants m the United States and Canada, came mto 
existence m that period, while most of the previously existmg works were made 
larger 


The same author gives the followmg account of the recent growth of the 
magnesium mdustry Alummmm and magnesium arc usually alloyed together 
and aid one another m their mdustnal activities, especially m connexion with 
aviation 

Although Bunsen, as far back as 1862, produced magnesium metal by elec- 
trolysis of Its chloride, the first commercial plant usmg this method began 
operation only m 1886, m Germany In Amenca, the magnesium mdustry 
was not cstabhshed un^ 1916, some thirty years later Magnesium is one of 
the hghtest metals and as such, or alloyed with other materials, it is bccommg 
more widely used m mdustries such as aviation, automobile, railroad, struc- 
tural, etc From a pound of magnesium we can make a bar of the metal a 
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half inch square and 64 inches long, while such a bar from a pound of alu- 
minum would be 42 inches long, and from steel only 14 inches long A beam 
of magnesium, light enough in itself to be earned by one man, can yet support 
an automobile I A steel piece of similar size probably could not be lifted by 
even four men The advantage of magnesium m the matter of weight alone, 
especially m aviation and building, makes its production worth the effort 
Only one American company has outhved the difficulties That company 
entered the field because of an abundance of magnesium chloride which it 
desired to convert mto useful and profitable material, and because of an 
incrcasmg demand for magnesium m military pyrotechnics It spent seven 
discouraging years in experimentation and development The low period 

of 1920 and 1921 slowed industry to the extent of again stopping producuon 
m order to dispose of stocks on hand Meanwhile German manufacture 
of magnesium had flourished The metal was imported mto the Umted States 
m quantities, trebling the purchase of domestic magnesium durmg 1922, 
threatemng to wipe out its manufacture here Late 1921 saw a new start and 
the 1922 tariff protected the new industry The last commercial plant now 
in operation can produce tons of metal per day, of the very high purity of 
99 9 per cent An improved process goes on smoothly and economically 
Appreciauon of the many possibilities for this very light metal and its alloys 
has mcreased demand In recent years the total American consumption was 
over 500,000 pounds Aviauon, automobile, railroad, structural, and metal- 
lurgical industries are increasing their use of magnesium Magnesium 

furnaces consist of large rectangular cast steel pots holding several tons of 
melted magnesium chloride The pot serves as a cathode, inserted in the top of 
the molten contents and suspended vertically are the graphite anodes The 
magnesium deposits at the cathode Bemg lighter than the bath, it rises to the 
top and, while protected from oxidation by a top crust on the cell, flows to a 
collectmg chamber outside the cell proper The metal is removed daily 
With development of processes and markets, ntagnesium prices have tumbled 
from 1 6 00 per pound in 1915 when some 80,000 pounds were produced, to 
$1 00 a pound in 1924, 48 cents in 1930 when over a nulhon pounds were made, 
and 10 cents a pound m 1911 It will be remembered that the magnesium is 
made from magnesium chloride obtained from salt brines 

The countries which export alumimum are countries with abundant 
hydroelectric power If you turn the leaves of any good chemistry book, hke 
Mellor’s Inorganic Chemistry ^ you will find that dozens of electrolytic processes 
have been patented for the chemical industry In the Castner process, for 
instance, brine is decomposed to produce caustic soda by reaction between 
the water and the sodium liberated at the katliode, while pure chlorme gas is 
collected at the anode This is a straightforward application of the discovery 
Davy himself made Yet the furnaces df the Leblanc process (p 436) for 
making alkahs contmued to pollute the landscape till our own generation 
Although there is an electrolytic method available for a vast number of 
mmeral products, it is still true to say the only substances exclusively produced 
by electrical methods are those which like alumimum and magnesium cannot 
be produced m any other way The reason for this is that existing chemical 
industry has its historic roots m a coal economy of private enterpnse which 
had no social plan for the co-ordmated use of scientific knowledge It was 
lack of saence which took people away from the watermills of England’s 
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green and pleasant land, and forced them to where coal and iron were found 
together Science can do more with the power that dnves the watermill than 
with a blast furnace We shall be makmg the fullest use of it when we pass 
out of the age of coal and iron mto the age of hydroelectncity and hght 
metals. 

Withm the framework of private enterprise the chief effect of new 
theoreucal knowledge on metallurgical pracuce of the nmeteenth century 
was to conserve the pre-existmg economy of the heavy metals The history 
of steel production is told m Our Mineral Civilization by Thomas T Read 

Iron is found all over the earth m the form of iron oxide and the metal can 
be made from the oxide by heatmg it with carbon That will produce 
soft iron, with the impuriUes that were m the ore embeddea m the iron By 
hammermg it while it is hot they can be gotten nd of fairly well, and a skilful 
person can hammer the iron mto almost any desired shape The difficulty is that 
It remams soft, too soft to be of much practical use Nor can it be melted down 
and cast, for the meltmg point of pure iron, around 2700° F , was far above 
the reach of the early metallurgists The early workers were clever, however, 
and they eventually found out how to harden iron They made the soft metal, 
worked it by hammering into the shape desired, heated it for a while buried in 
carbon, and then took it out and plxmged it mto water or oil If they did it just 
right they could made it as hard as a modern razor blade Of course they did 
not know why it happened Now we understand that the carbon of the 
fuel bed slowly soaks mto the hot iron, much as moisture soaks mto wood Iron 
with carbon dissolved m it has the property of becommg hard whcxi chilled 
from a red heat Since the carbon soaked m from the outside a skilful 

smith could make a sword with a hard edge and a tough body that was an 
excellent weapon They could make good steel, but they could not make it in 
large quanuties and it was quite expensive Meanwhile the early metallurgists 
had learned how to melt iron If they used a blast and mcreased the depth of the 
fuel bed they could produce melted metal, though it hardly seemed like iron, tor 
when It was cold it was as brittle as glass They could cast it, however, and much 
of the iron used before 1760 was cast iron We know now that when made m this 
way the iron takes up as much as 3 6 per cent of carbon and its meltmg pomt is 
lowered some 600° F , though sull far above that of bronze At the begmrung of 
our century of progress this kmd of iron was still universally made m furnaces 
that had a capacity of six tons per day Steel was still made from the soft 
iron and only on a small scale What Bessemer learned to do, m 1866, was to 
produce steel from the melted hard non by blowmg air through it, m 20 mmutes 
he could convert 16 tons of the hard, brittle metal mto steel soft enough to 
be rolled, yet much stronger than the pure soft iron Now it was possible to 
produce the kmd of metal needed for bmldmg railroads, m large quantities and 
at a low price The process was introduced m this country m 1865 The total 
iron production of the country m 1864 was about a million tons, ten years later 
It was more than 2J miUion tons and twenty years later about 5 million tons 
Sixty years later it was about 40 milhon tons. For many years after its mtro- 
ducuon the Bessemer process was the prmcipal way of makmg steel Contem- 
poraneous with It was another process, known as the open-hearth, that at first 
seemed less advantageous, smee it required more fuel and had less capacity 
This other process could not only handle metal made from any kmd of 
ore, but the steel was of better quality By 1907 more steel was made by the 
open-hearth process than by the Bessemer, and by 1929 seven times as much. 
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The producuon of steel on a large scale intensified research into the influ- 
ence which elements other than carbon exerase on the physical properties 
of iron Read tells us 

One of the things thus learned was that nickel, chromium, tungsten, and 
some other metals, if added to steel, make it stronger without makmg it brittle, 
as carbon does Long, careful, and pamstakmg work was needed, because 
the effects produced by different amounts are surprisingly different With 

mckel by usmg between 2 and 4 per cent the tensile strength of the 
steel 13 mereased about 6,000 pounds per square mch for each per cent of 
mckel added, it is also more resistant to rustmg and abrasion Above 
10 per cent mckel the steel, mstead of gettmg harder when heated and chilled, 
gets softer Steel contaimng 13 per cent mckel is tremendously strong, but so 
hard it cannot be cut or drilled At 24 per cent mckel the alloy becomes non- 
magnetic, and from that up to 32 per cent it has a high resistance to the passage 
of the electric current At 36 per cent mckel the alloy develops another 

curious property, it does not expand and contract with changes m the tem- 
perature, fitung it for special uses, such as measurmg tapes The wires that lead 
in through the glass of an electric hght bulb are made from a 38 per cent mckel 
iron alloy plated with copper They expand and contract at the same rate as 
the glass and consequently do not crack away from it At 78 per cent mckel 
Its magnetic permeability becomes exceedingly high The practical 

importance of such special qualities is seen m a recent estimate that the elec- 
trical transformers now m use in the Um ted States waste about ten bilhon 
kilowatt-hours of energy annually m useless heat Half of this could be saved 
if the mckel-iron alloy (60 per cent) which has the combmation of highest 
permeability and lowest hysteresis loss were used m their construction Chro- 
mium makes steel hard Files contam about 0 6 per cent of it, axes and hammers 
and chams up to nearly 1 per cent Balls and rollers for bearmgs are probably 
the most important use for chromium steel Armour plate for battle- 

ships, which typically has about 4 per cent mckel and 2 per cent chromium, is 
an important use, but the mckel-chromium steels that enter most directly 
into the hves of ordmary people are those employed m motor-car buildmg 
The front axle must be strong and tough, and so will usually contam 
nickel, the hardness necessary m the bearmgs will be provided by chromium, 
and so on Formerly motor cars were trimmed with mckel-plated iron 
Some ot the cheaper cars have substituted an iron-mckcl-chromium alloy 
that IS highly resistant to tarmsh and almost silver-white m colour This belongs 
to the group of alloys, of recent devismg, that are popularly known by the 
somewhat ungrammatical name of stainless steel The various companies 
that produce this material apply different trade names to it, but the material 
always contams about 18 per cent chromium and 8 per cent mckel For 

many uses steel can be protected by dippmg it m melted tm or zme, and for 
others it is plated with mckel or chromium These recent developments have not 
only produced a metal that is truly resistant to corrosion (there are also rustless 
cast irons) but have led to the production of special alloys havmg a remarkable 
resistance to the attack of almost any leagcnt, mcludmg strong acids An im- 
portant alloy that has not yet been mentioned is that with tungsten That metal 
when mixed with iron not only makes a hard steel but one that stays hard 
even when red hot, when all other varieties of steel soften Modern boring 
and cutting maciuncs were previously limited m speed by abihty to keep the 
tool cool, as it gets hot when workmg and as soon as it heats up loses its edge 
A great deal of work, done over a long period of years, has disclosed that about 
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18 per cent tungsten with 3 6 per cent chromium gives the best results 
Vanadium and molybdenum arc two other metals that improve steel quality. 
Vanadium produces much the same effect as nickel, but a much smaller amount 
IS required Chrome-vanadium steels arc used m an important way in the 
drivmg aides and other forgings of locomotives, automobile sprmgs and axles, 
gun forgmgs and many other purposes Molybdenum-vanadium steels have 
proved valuable for maiung centrifugally cast guns 

To this It may be added that 13 per cent manganese makes a steel which is 
highly non-magnedc, and as such suitable for the manufacture of bulkheads 
for slups It does not acquire the feeble magnetism mduced by the vertical 
(dip) component of the earth’s field (sec p 633), and hence forestalls the 
compass-bias which may arise therefrom Notable progress has been made 
recently in the discovery of new lead alloys The addition of less than 1 per 
cent of cadmium and tm makes lead as hard as copper Lead itself may now 
be removed from the category of “heavy” metals, smee it is quite easy to 
prepare it from its ores by electrolytic decomposition We are only at the 
threshold of discovenng what remarkable new physical properties are con- 
ferred by the mtroduction of relatively small quantines of different metals in 
alloys Progress already accomplished points the way to a new potential of 
loc^ self-sufficiency 

(b) Catalysts — A second techmque which chemistry developed during the 
nineteenth century has touched mdustry still less, though it may hold even 
more spectacular possibiliues for a rationally planned future of human 
existence Some reactions which otherwise require the expenditure of con- 
siderable energy can be mduced to proceed rapidly by addmg small quantities 
of substances which do not participate appreciably m the final products They 
act as It were as lubricants This lubricating action is called in a general way 
catalysiSy and the lubricant is called a catalyst The physical nature of the 
process is not necessarily the same m all reactions described by the term Its 
use hes m directing attention to the social importance of encouragmg reactions 
with the minimum expenditure of effort Thus, if starch is boiled continuously 
with dilute acids it is gradually broken down into grape sugar (dextrose) The 
same result can be brought about by simply adding a small quantity of malt 
extract and leaving it in a warm place What the acid accomplishes with the 
expenditure of relatively much fuel to supply heat, the extract can do at a 
much lower level of energy consumption 

An example of the production of an morgamc reaction by catalysis is the 
union of hydrogen and oxygen m presence of finely divided platinum (gas 
lighters may be so made) without sparkmg In mdustry the contact process 
for makmg sulphuric acid is to pass the gas SO 2 , formed by bummg sulphur 
in air, with air over vanadium oxide — this helps to oxidize it to SO 3 , which 
dissolves m water formmg H 2 SO 4 In the Deacon process for makmg chlorme 
the umon of HQ and oxygen is promoted by passmg HCl and air over 
pumice soaked m copper chlondc at a comparatively low temperature 

There are vast untapped resources for ffirther mdustrial development by 
developmg the natural catalysts called ferments or enzymes The decomposi- 
tion of starch m the presence of malt illustrates one step m two very ancient 
mdustnal processes which were not understood fully until comparatively 
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recent tunes Beet and Spints provide an example of a chemical industry 
which is largely empirical, like photography Probably the earhest hquors 
were prepared from fruit juices which ferment spontaneously, bcmg nearly 
always infected with wild strams of the micro-orgamsm yeast This breaks 
down sugar into alcohol with liberation of COg The production of the former 
is the reason for adding yeast to malted gram The production of the latter is 
the reason for usmg yeast to raise bread In the making of beer, gram is soaked 
and kept warm till it begms to germmate. This allows a catalyst or enzyme 
called diastase (like one present m our own sahva) to convert the starchy 
content of the gram to sugar The germmatmg gram is dried and the extract 
of the dned matter (malt) may be used as a source of diastase to convert 
potato starch mto sugar as mentioned In the mneties of the last century it was 
shown that crushed yeast m which there are no hvmg orgamsms yields an 
extract which will catalyse the breakdown of sugar mto alcohol just as well 
as the hvmg orgaiusm 

(c) Spectroscopy — A third technique has proved to be of great theoretical 
and practical importance m so far as it has led to the discovery of new elements, 
which now play a part m familiar features of our daily life It will be men- 
tioned briefly, because the discoveries which resulted from its use will be 
dealt with elsewhere In Chapter 3 it was stated that a pmch of salt tmts the 
non-lummous flame of a gas fire yellow This you can easily see for yourself 
Similarly, as you can also see for yourself, a copper salt will tmt it blmsh 
green Compounds of the few elements which mtensely colour a flame are 
used in malung fireworks Potassium salts give a violet flame Calaum salts 
give a brick-red flame The closely alhed element strontium gives a bnlhant 
crimson flame Barium gives a beautiful apple green 

When we examine spectroscopically a flame which has been made lummous 
by particles of a pure chemical we find that it shows no continuous gradation 
from red to blue It is composed of a few isolated bright hnes They are m 
the yellow region if a sodium salt is used Although few elements, like the 
foregoing, give a highly characteristic lummosity to a non-lummous flame, 
they all exhibit bright Ime spectra Durmg the fifties it was noted that the 
position of the bright Imcs m the spectrum of an element is charaaenstic of 
the element, and the spectrum of a compound is sunply a collection of all the 
hnes characteristic of its constituent elements Another mteresting fact about 
the spectra of elements is that when a lummous flame with a continuous 
spectrum (white-hot body) is screened by a cold elementary gas, the con- 
tinuous spectrum is mterrupted by black hnes m the same position as the 
bright hnes which would make up the spectrum of the gas if it were mean- 
descent It had long been noticed that the spectrum of sunhght is crossed by 
dark Imes It was now possible to recognize that many of these hnes corre- 
spond to the dark hnes of “absorption” spectra of famihar earthly elements, 
as if the mcandescent mass of the sun were screened by an envelope of rela- 
tively colder matter m the gaseous state There were also other hnes, and one 
particularly promment one, called the helttan Ime (from the Greek word for 
the sun) These did not correspond to any element then known 

The helium which is now used m dingibles and the neon of neon lamps 
were both known to exist and named before they had been found m our own 
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world We shall return to them later The horizon of theoretical knowledge 
about the structure of the umverse, the age and composition of the stars, and 
so forth, unfolded by the spectroscope is one of the most fascmatmg romances 
of modem science If you are mclmed to overlook the social considerations 
which have encouraged research with the spectroscope, remember your 
sky-signs Several terrestrial metals were first discovered with the spectro- 
scope, e g rubidium,caesium,thalhum, mdium, scandium Aside from leading 
to the discovery of new elements, the spectroscope has a more unmediate 
utihty It provides the most sensitive gauge of the purity of chemical products 
It will detect the presence of about a hundred millionth of a gram of sodium 
chloride 


LATER DEVELOPMENTS OF ATOMIC THEORY 

The prestige and usefulness of the atomic theory was reinforced during the 
latter half of the mneteenth century by the recogmtion of three important 
pnnciples the Law of Pressure m Soluuon (or osmosis)^ the Law of Chemical 
Equihbrium (or Mass Action), and the construction of the Periodic Table of 
Elements 

(a) The Law of Pressure in Solution (or Osmosis) — While Avogadro’s 
principle provided the means of settmg a standard of atomic weight, it was 
limited m its apphcation to substances which are*gaseous or volatihze with 
comparative ease One of the most important theoretical developments in the 
next half century, emergmg mcidentally through study of the ascent of sap in 
plants, led to the discovery of an analogous prmciple which apphcs to all 
substances m aqueous solution In everyday life we are familiar with many 
examples of a common feature which matter displays when dispersed in the 
gaseous state or m a solvent We all know with what rapidity an odour 
‘"diffuses” m a closed space, and most of us have observed the colour difiusing 
of Its own accord through a perfectly sail tumbler of water, when a crystal of 
potassium permanganate is dropped m it In certam circumstances the pheno- 
menon of diffusion can result in the production of differences m pressure 
The laws of solution pressure which describe such phenomena are precisely 
analogous to the laws of gas pressure discovered by Boyle, Marriotte, and 
Charles • 

Pressure differences arismg from diffusion can be studied by obstructmg 
the process with porous membranes Lighter gases pass more rapidly than 
heavy ones through a porous membrane, e g unglazed porcelain (like the 
porous pot of an old-fashioned electnc bell battery) If, therefore, two gases of 
different density are separated by a porous partition, the more rapid passage of the 
lighter one through the partition results m an excess of molecules on one side 
Smee equal volumes of different gases at the same temperature and pressure 
contam an equal number of molecules, the result presenbed by Avogadro’s 
pnnaple is that the volume of gas on one side should be greater than on the 
other This cannot happen if the walls are closed. So, as we should expect, 
a difference in pressure is produced The difference is easily demonstrated 
by connectmg the open end of a porous pot with a U -tube of mercury If the 
porous pot IS surrounded by hydrogen which is less dense than air there is a 
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gradual increase of pressure m the pot If it is surrounded by carbon dioxide, 
which IS more dense, there is a gradual fall of pressure One of the methods 
by which the separation of gaseous substances can be brought about is 
repeated diffusion by use of this prmaplc 
An essentially similar apparatus wiU serve to demonstrate the somewhat 
analogous phenomenon of pressure in solution or osmosis The porous pot and 
the limb of the U-tube connected with it are filled with water, and the gas 
chamber with a soluuon of table sugar, or conversely the solution is used to 
fill the porous pot, etc , and the outer chamber is filled with water In the 
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Positive pressure resulting from the more rapid diffusion of hydrogen into the porous 
pot than of air passing out of it 

« 

first case, there is a gradual decrease of pressure, in the second a slow nse 
In experiments such as these the pressure registered by the pressure gauge 
reaches a maximum or minimum, and the mercury returns to its previous 
level when the gases or dissolved substances arc equally distributed on both 
sides of the paruuon 

Experiment shows that some membranes easily allow hght gases or dis- 
solved substances with small molecules to pass tlirough them, but almost 
completely exclude larger and heavier ones So it is possible to maintain a 
steady pressure by usmg a membrane which allows the passage of only one 
constituent If a porous pot is filled with copper sulphate solution and plunged 
mto a soluuon of potassium ferrocyamdc, the pores are coated with copper 
ferrocyamde Water can suU diffuse freely through its walls, but alcohol cannot 
apprcaably traverse the film of copper ferrocyamdc If the temperature is 
kept constant the pressure mside a porous pot ^ed with a watery soluuon of 
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alcohol and surrounded by pure water rises to a definite level, and remains 
fairly steady. 

The steady level vanes m a defimte way with the strength of the solution 
The pressure attamed is directly proportional to the concentraaon If the 
temperature is varied and the concentration of the dissolved substance is 
kept the same, the pressure is directly proporaonal to the absolute tempera- 
ture The rule for osmotic pressure thus corresponds to the law of gases 



Measurement of osmotic pressure of a sugar soJuuon surrounded by water only 

discovered by Charles (p 425) Boyle’s law (p 387) states that the volunje 
of a gas IS mversely proportional to its pressure When the same mass of 
gaseous material is compressed into a small volume, the mass per unit volume 
or concentration of the gas mcreases proportionately That is to say the volume 
of a given mass is inversely proportional to the concentration Hence the con- 
centrauon is directly proporuonal to the pressure Thus the law of osmotic 
pressure for soluble orgamc compounds like alcohol or sugar is precisely 
analogous to Boyle’s law of gas pressure 
The chemical importance of tlus depends on a connexion between Avo- 
gadro’s theory and the physical properties of gases The two laws of Boyle 
and Charles can be combmed m a smglc statement with one constant K 

pv = KT 

The constant K depends on the quantity of gas used If the temperature is 
constant throughout an experiment KT is constant, and the equation is the 
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same as Boyle's law If is kept constant /> — T is constant, or if /> is constant, 
z; — T IS constant, and the equauon is equivalent to Charles' law Avogadro’s 
hypothesis asserts that when the pressure and temperature is the same, equal 
volumes of all gases contain the same number of molecules This leads us to 
susp>ect that the constant K will be the same for all gases, if a suitable quantity 
of gas is chosen 

As It stands, the formula pv = KT is only useful for calculation when 
we are dealing with some fixed quantity of gas subjected to different pressures 
and temperatures The suitable unit is the produa of 1 umt of mass and the 
molecular weight of the substance It the mass is measured in grams, it is 
called the mol Thus one mol of water vapour is 1 S grams, one mol of ethyl 
alcohol (C^HrPH) is 4() grams, and one mol of hydrogen is 2 grams If W is 
the weight of a litre of gas at 27 T on the absolute scale (p 425), 1 e at 0° C 
and at 1 atmosphere pressure (7f)0 mm of mercury), the volume occupied by 

1 gram at the same temperature and pressure is ^ litres Since 1 mol of a 

substance of molecular weight M is M grams, the volume occupied by one 

mol is So the volume occupied by n mols is when p = 1 if pressure 

IS measured in atmospheres^ and T — 273 We can then put for pv ^ KT 


, wM „ 

1 X = K X 2/3 


K = 


«M 

273W 




Avogadro’s hypothesis tells us that any fixed volume — e g 1 litre, of any gas 
at a fixed temperature — e g 273°, and at a fixed pressure — e g 1 
pressure — contains tlie same number (N) of molecules The weight (W) of one 
litre of which every molecule weighs m grams is Nw, and since the molecular 
weight (M) IS the ratio of the w^cight of a molecule (m) of the gas to that of an 
atom of hydrogen (//), 

rn — Nlh 


W - m\Ji ( 11 ) 

Combining both results— ( 1 ) and ( 11 ) 



In the last expression hy the w^eight of a hydrogen atom, is a fixed quantity 
N, the number of molecules m 1 litre of any gas at 273° and one atmosphere 
pressure, is always the same, if Avogadro is right So 

I 

273NA ^ constant 


This constant is usually written R, and hence ( 111 ) can be written 

K = wR 


pv ~ nKT (iV; 

If N, the number of molecules m a htre of dilFerent gases at the sam< 
temperature and pressure, were not the same, the constant R would b 
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different for different gases. According to Avogadro’s hypothesis the constant 
R IS therefore the same for all gases, and the formula pv = nRT applies to 
all gases Experiment shows that this is true in agreement with theory 
So, if we know the weight (W) of one litre of the gas and hence how many (n) 
mols (1 e W — M) of gas we are usmg, we can calculate (a) the volume it 
will occupy at a given temperature or pressure, {b) the pressure which a 
given volume will exert at a given temperature, or (c) the temperature a 
given volume must have to exert a given pressure To do this we need to 
know the numerical value of R, for which we only need to know the volume 
occupied by one mol of a gas at a fixed pressure and temperature One mol 
(32 grams) of oxygen at one atmo and 273'’ T occupies 22 4 hires 

1 X 22 4 =: R X 273 
^ 22 4 

^ YlY ~~ ^ 

For a soluuon of fixed concentration the number of mols («) per umt 
volume is a fixed quantity So the law of osmotic pressure can also be expressed 
m the form 

pv ^ n X constant x T (v) 

Smee alcohol volatilizes readily we can find its density and hence its, molecular 

/ W\ 

weight (M) Hence we know how many mols ^ j correspond to a given 

weight (W) m a given volume (v) of solunon of known concentranon Experi- 
ment shows that the constant m the formula (iv) for solutions has the same 
numerical value as the gas constant (R) This means that if we know the 
strength of a solution of known molecular weight we can calculate the osmoMc 
pressure it exerts at a fixed temperature Thus to find the osmotic pressure 
of 5 per cent (grams per 100 c c ) of alcohol (molecular weight ^ 4()) at 
lO"* C (283'' T) we first calculate n The weight of a 5 per cent solution of 
alcohol in 1 htre (1,000 c c ) is 60 grams Hence n = 50 — 4() 1 0‘) Thus 

we may wnte for 

pv = wRT 

p X 1 = 1 09 X 0 082 x 283 
. p = 25 2 atmospheres 

This tremendous pressure which a 5 per cent soluDon of alcohol can exert 
will help you to see how the roots of trees are able to spht rocks 
Once tlus prmciple has been estabhshed by experiment we can use it to 
calculate the molecular weight of a substance by the pressure it exerts in 
solution For mstance, suppose we find that a 0 1 per cent solution of the 
nitrogenous substance urea found m urme exerts an osmotic pressure of 

0 42 atmospheres at 2T C. (or 300"" abs ) If there arc n mols of urea in 

1 htre we can put for 

pv = «RT 

0 42 X 1 = n X 0 082 X 300 

^ or approxjmately — 






The .cm,! .egbe ef mem Oh. 0 1 p« cent (griper lOOcc) 
solution IS 1 gram The number of mols in one hire 1$ the SCtuaJ weight 
divided by the molecular weight (W — M) Hence 


J. ^ 

M “410 
M — (approx,) 60 


Although the molecular weight of volatile water-soluble organic substances 
like alcohol, determined by the method of osmotic pressure, agrees with the 
result obtained by measurmg the density of its vapour, the same is not true 
of volatile water-soluble mineral products like hydrochloric acid gas In 
comparauvely dilute solutions the values calculated from the osmotic pressure 
of substances of the latter class are almost an exact muluple of the true 
molecular weight based on the measurement of their density Seemmgly the 
new law lets us down 

Experience shows that some of the most fruitful advances of science have 
occupied when mere logic does let us down When a hypothesis fits some 
facts and fails to fit others, careful study of the excepUons often leads to 
important discoveries The broad distinction between two classes of sub- 
stances, some which obey the gas laws in solution and others which do not 
appear to do so, corresponds to another broad distmction which we can make 
between the general characteristics of the common reactions of typical organic 
and inorganic substances (excluding the metallic salts of the orgamc acids) m 
solution The solutions of substances like alcohol or sugar do not conduct an 
electric current and their reacuons take place slowly and usually require some 
“catalvst” to help them The solutions of substances like caustic soda, hydro- 
chloric acid, or Epsom salts, readily conduct an electric current, and react 
almost instantaneously if at all Furthermore, the passage of an electric 
current through a conducting solution is always accompamed by chemical 
decomposition, which also occurs if a current is passed through the molten 
inorganic compounds m the dry state The decomposition of a salt always 
results in concentrating the acidic consutuent where the current flows from 
the positive pole of the battery, and the basic or metalhc constituent where 
the current flows out of the solution by the electrode connected to the negative 
pole 

We shall see more clearly when we study clectnaty that the power of 
solutions to conduct the cleanc current can receive a satisfactory explanation, 
if we assume that the molecules of substances like sodium chlonde break 
down, when dissolved m water, mto two or more cJectncally conducting sub- 
molecules or tons Accordmg to this view a solution of such substances is an 
equihbnum between the number of parent molecules and the number of 
submolecules A substance like potassium carbonate m soluaon is thus 
a mixture of non-conducting molecules of K2CO3 and conducting sub- 
molecules or tons K and CO3 In very dilute solution all the K^COg breaks 
down, so that there are three submolecules for each parent molecule, and 
the osmotic pressure of one nioJ of K2CO3 per htre is the total pressure 
exerted by one mol per litre of each of the three submolecules, 1 e 



The Atoms oj Democritus 481 

It IS three times what it would be if the parent molecule did not '"dissociate ” 
At any particular concentration the discrepancy between the observed osmotic 
pressure and that calculated on the assumption that the molecule is stable, 
tells us at once how much of the molecule is broken up m this way 
Thus the osmotic pressure of a substance like sodium chloride can be used 
to determme its molecular weight although it does not obey the gas laws so 
simply as does alcohol. The percentage composition of sodium chloride shows 
that It contams approximately 61 per cent of chlorme and therefore 39 per 
cent of sodium. The raDo of the weights of sodium and chlorme 39 61 is 
thus the same as the ratio of their atonuc weights 23 35 5 Therefore 
the molecule of sodium chlonde must contam the same number of atoms of 
sodium and chlorme If the number is 1 the molecular weight would be 68 5, 
and smee it must break up mto an even number of ions the molecular weight 
calculated from its osmotic pressure m very dilute solution will be 2, 4, 6 or 
some even multiple of 68 5 Actually the value obtained is about 117 The 
true molecular weight of the undissoaated molecule is some even sub- 
multiple of 117 Smee the first submultiple is the lowest value (686) it can 
have, this must be its molecular weight 
{h) The Law of Equilibrium (or Mass Action) — The classical philosophers 
spoke of the prmciples of love and hate when we should refer to attraction 
and repulsion m mechamcal occurrences Remams of this anthropomorphic 
conception fingered m the ideas of chemical afiimty which nmeteenth-century 
chemists inherited from the alchemists. A reaction occurred because the 
reactmg substances had afl&mty for one another, and decomposmon was an 
Amencan divorce Like the Anstotelian doctrme of gravitation this is nothmg 
more than an obituary notice on the fact after it has occurred The busmess 
of science is to tell us how to make a reaction occur 
Early experiments on respiration put the issues m a more tangible form, 
though It was long before they were clearly understood In Priestley’s experi- 
ments the bright red oxyhaemoglobm assumed the dull purple of venous 
blood when oxygen was pumped off Venous blood reassumed its bright 
arterial colour when shaken up with oxygen If he had noted the change more 
carefully he would have observed that the change m colour is gradual After 
the pressure m the vessel has been reduced to a certam pomt there is a corre- 
spondmg shade of colour for each further reduction or mcrease Hence the 
direction of the reaction depends on the quanuty of reactmg substances 
Other early enquines pomt to this Bla^ showed that when chalk is heated 
It becomes lime through loss of carbon dioxide The lime is water-soluble, 
and lime water itself deposits chalk when COg is passed mto it We can put 
for the reaction m the fime kiln, 

chalk fixed air + lime 

The reacuon m a beaker of lime water is. 

fixed air + fime — ► chalk 

What is It that dtades whether we make the arrow pomt from right to left, 
as It occurs m the fime kiln, or from left to right as in the beaker of lime 
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water? There is clearly nothing absolute about the affinity of the reacting 
substances 

Take again an analogous change If steam is passed over heated iron, the 
iron oxidises and hydrogen is earned off m the steam, 1 e 

3 Fe + 4H2O Fe304 + 4H2 

iron + steam iron oxide 4- hydrogen 

On the other hand a stream of hydrogen passed over the oxide reduces it to 
the metal with the formation of water vapour which is earned off in the 
stream of hydrogen, 1 e 

Fe304 + 4H2 -> 4H2O + 3 Fe 

iron oxide 4- hydrogen steam + iron 

One sigmficant feature is common to both examples From the hme kiln 
the carbon dioxide escapes into the air In the beaker the chalk, being m- 
soluble, escapes from the water When iron oxidises in a stream of water 
vapour, the hydrogen escapes as it is formed When the reverse reaction 
occurs the water vapour is carried off as soon as it appears This means that 
to make the reaction go in the way prescribed one of the reagents has to be 
in excess 

How much in excess is a very practical problem for chemical manufacture, 
because the yield depends upon it A chemical reaction is like a see-saw or 
lever, which can swing up or down The problem of economical chemistry 
IS to find where we have to put the weight to make it go down or up Like 
the problem of constructing a weighing machine, it is a matter of discovering 
the law of equilibrium, and the simple rule that nothing succeeds like excess 
suggests a more precise prmciple which underlies chemical reaction Suppose 
that you heat n molecules of iron oxide with y molecules of hydrogen till x 
molecules of iron oxide have been converted into iron Smee 

Fe304 4 “ 4H2 — ► 3 Fe 4 “ 4H2O 
xFe304 + 4 acH 2 3 jcFe 4 - 

So if no further change occurs when x molecules of iron oxide have been 
changed, wc have complete equihbrium when there are (y — 4x) molecules 
of hydrogen left, 1 e when the actual number of molecules of each kmd is 
represented by 

[(« - x)Fe304 + (jy — 4 x)H 2 ] 4 - [ 3 xFe + 4XH2O] 

Any more hydrogen added will be in excess, and excess means that more 
iron oxide can be broken down, i e there will now be less than (n — x) mole- 
cules of iron oxide if there are more than (y — 4x) molecules of hydrogen So 
the quantities of iron oxide and hydrogen m equihbnum with one another 
are inversely proportional Similarly, more steam added m excess means that 
more iron will be oxidised If there are more than 4x molecules of steam 
there will have to be less than 3 x molecules of iron Hence the quanuties 
of steam and iron are mversely proporuonal 
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If a molecules of iron oxide, b molecules of hydrogen, c molecules of 
steam, and d molecules of iron, are in equilibrium, the principle of excess 
suggests 

ab = constant 
cd — constant 
ab 

— = constant 
cd 

To test this rule it is not necessary to be able to measure the actual number 
of molecules with which we are dealing Suppose we have x mols of a sub- 
stance A of molecular weight M, since 1 mol is M grams, x mols == xM grams 
Similarly, y mols of a substance B whose molecular weight is N weigh yN 
grams Hence 

wt of A xM 

wt of B '3;N 

If there are m molecules of A the weight of A is mM times the weight of an 
atom of hydrogen, and that of B is «N times the weight of an atom of hydro- 
gen Hence 

wt of A wM 

wt of B nN 

Thus X — y = m ~ ?i In o±er words, the numbers of molecules are in the 
same rauo as the weights of the reactmg substances, when the umt ot weight 
for each substance is the mol One example will show you how the principle 
IS tested and apphed 

If ethyl alcohol is boiled with acetic acid, the two substances combme to 
form a fragrant volatile compound, called ethyl acetate, and water Conversely 
if ethyl acetate and water are boiled, decomposition to form alcohol and acid 
occurs In either case the reacuon is partial The chemical equation which 
describes it is 

C2H5OH + CH3COOH ±> CH3COO C2H5 + H2O 
(ethyl alcohol) (acetic acid) (etliyl acetate) (water) 

The molecular weights of the substances readmg from left to right are there- 
fore 46, 60, 88, 18 Experiment shows that when 46 grams of alcohol (1 mol) 
are heated with 60 grams of acetic acid (1 mol), combinauon continues till 
15| grams of alcohol (J mol) and 20 grams of acetic acid mol) are left 
Ginversely if 88 grams of ethyl acetate and 18 grams of water are heated, de- 
composiuon occurs until 685 grams (§ mol) of acetate and 12 grams (| mol) 
of water are left The end result is the same, 1 e we are left with 


I mol alcohol + J mol acetic acid | mol ethyl acetate + J mol water 
Applymg the principle of equihbnum 


1 X i 
i X I 


— constant 


constant == J 
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If the rule is true, as experiment proves, we can now deduce what yield we 
shall get if we boil 120 grams or 2 mols of aceac acid with 1 mol of alcohol 
If X mols of each combine, we have (2 — x) mols of acetic acid, (1 — x) mols 
of alcohol, X of acetate and x of water at the end This will be the end of the 
reaction if 

(2-x){\-x) _ 

X X 

1C X = t = 0 846 

Hence equihbnum occurs when 0 845 mols of alcohol and acetic acid have 
combined Thus the yield of acetate for the same quantity of alcohol is two 
and a half times as great as when an equal amount of acetic acid is used The 
rule therefore tells you how much acetic acid is required to make the best use 
of a fixed quantity of alcohol or how much alcohol must be used if we have a 
hmited quanuty of acetic acid from which to manufacture ethyl acetate To 
apply It to any reaction, it is only necessary to make one exact analysis of the 
quantities of dl the mgredients, when the reaction has gone on till no further 
change occurs From the figures obtamed, we can then deduce the value 
of the constant which is characteristic of the particular process 
It IS often possible to tell how a reaction will proceed without determimng 
the actual value of the equihbnum constant If one of the constituents of a 
reaction is removed as the reaction proceeds, more of another must be formed 
to keep all the products in proper proportion Hence combmation or decom- 
position continues till one of the essenual mgredients is used up This at once 
explams why m the early commercial preparation of alkahs the reaction 
between sulphuric acid and common salt proceeds as follows 

2Naa + HiSO, -> Na 2 S 04 + 2Hat 

Whereas the reaction between barium chloride and sodium sulphate proceeds 

BaCl 2 “h Na 2 SO^ — > BaSO^ ~|" 2NaCl 

In the first reaction HCl removes itself, because it is volatile^ 1 e a gas More 
sodium sulphate has to be formed to take its place till all the sulphuric acid 
IS used up In the second reaction, Barium sulphate removes itself, because 
it IS insoluble So more sodium chloride is contmually formed to take its place 
till all the sodium sulphate is used up 

Even if none of the constituents is preapitated, or gaseous at ordmary 
temperatures, it is still possible to carry the reaction to compleuon if the end 
product desired has a much lower boihng pomt than the other hquid reagent 
For example, m Glauber’s reaction for the preparation of mtric dad 

NaNOs + HaSO* -► NaHSO^ + HNOst 

the mixture is heated gently to drive off the nitnc aad (bp 86® C ), but the 
sulphunc aad (b p 330® C ) remams till the process is completed 
(c) The Periodic Law — About the time when Mendel and Darwm were 
directing their attention to the problem of evolution m hvmg orgamsms, a 
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generalization which has an important beanng on the evolution of inorganic 
matter was put forward by Ncwlands m England, by Lothar Meyer in 
Germany, and by Mendcljefif m Russia It is called the Periodic Law 

Before evolutionary ideas m chemistry or biology could take root, a 
thorough reclassification of the differences and siimlariues of the various 
species of morgamc and hvmg matter had to be accomphshed In comparing 
the properties of the elements and their compounds, certam similarities were 
recognized very early For mstance, the metds sodium and potassium attack 
water hberatmg hydrogen with the formation of a soluble hydroxide Unlike 
most others, the three metals calaum, strontium, and barium form strongly 
alkaline oxides which dissolve to form soluble hydroxides like those of sodium 
and potassium Unlike sodium and potassium, and hkc most other metals, 
their carbonates are insoluble The non-metalhc elements chlorme, bromme, 
and lodme umte with hydrogen to form strong acids, the salts of which are 
with few exceptions very soluble m water 

Thus there are clearly recognizable famihcs of elements One feature 
characteristic of some such famihes is that their members have the same 
valency » Most elements have a specially charactenstic combimng weight, of 
which the atomic weight is some simple multiple This multiple is called the 
valency of the element It has been detoed as the number of atoms of hydrogen 
which can be replaced by one atom of the element, and, broadly speaking, 
corresponds with the number of atoms of oxygen with which two atoms of 
the element combine m its oxides Thus sodium and potassium (oxides Na 20 
and K 2 O) have a valency of one, calaum, stronuum, barium (oxides CaO, 
SrO, BaO) have a valency of two Nitrogen and phosphorus form oxides 
N 2 O 5 and P 2 O 5 correspondmg to the mtnc and phosphonc acids They have 
the valency five m these In ammonia and phosphine NH3, PH3, they have 
a valency of three When an element forms two senes of stable compounds 
m which Its valency is different, the two valencies usually add up to eight, as 
m this example 

When the atomic weights of a large number of the elements had been 
determmed with comparative accuracy, it began to be seen that the properties 
of mdividual members of a family vary with the size of the atom If we com- 
pare compounds of calaum (A W 40 1 ), strontium (A W 87 6 ), and barium 
(AW 137 4), we find that the sulphates decrease m solubihty as the atomic 
weight mcreases Barium sulphate is highly msoluble That of strontium is 
very shghtly soluble, and that of calaum is relatively easy to dissolve We 
see a correspondmg regulanty m the solubihty of the silver salts of hydro- 
chlonc, hydrobromic, and hydnodic acid Chlorme is the hghtest of the three 
elements chlorme, bromme, lodme Its silver salt is the least soluble in water 
lodme is the heaviest and its silver salt is the most soluble Agam chlorine 
(A W 35 5) is a gas, bromme (A W 79 9) a hqmd, and lodme (AW 127) a 
sohd at ordmary temperatures 

A prelimmary survey of the elements therefore suggests a regular grada- 
tion m their physical properties and the properties of these compounds 
when elements of the same family are arranged m order of their atomic 
weights It was a short step to place the famihes m parallel columns, so spaced 
that the atomic weights mcrease uniformly along the rows from left to right 
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as well as down the columns from top to bottom. For mstance, if we take 
the first fourteen elements known m the middle of the mneteenth century, 
excluding hydrogen, we can arrange those with the same valency m parallel 
columns, as follows 


1 

Lithium 

6 9 

Sodium 

23 0 (Potassium 39 1) 

2 

Beryllium 

9 1 

Magnesium 

24 3 (Calcium 40 0) 

3 

Boron 

10 B 

Aluminium 

27 1 

4 

Carbon 

12 0 

Sihcon , 

28 3 

6 

Nitrogen 

14 0 

Phosphorus 

31 0 

6 

Oxygen 

16 0 

Sulphur 

32 0 

7 

Fluorme 

19 0 

Chlorme 

35 5 


The resemblance of any element m this first set of sixteen is much greater 
towards its twm with the same valency than towards any of the others Thus 
hthium, a metal which is present m a few rather rare minerals (e g petahte), 
decomposes water like sodium to form a soluble hydroxide Sihcon, whose oxide 
S 1 O 2 sihca is the chief constituent of quartz and sand, is umque m formmg 
a large number of compounds correspondmg to the orgamc carbon compounds 
dealt with in the next chapter Fluorme, like chlorme, forms a very strong 
acid with hydrogen Boron is not a metal, but alummium has characteristics 
which are not typically those of the common metals, its oxide is both feebly 
basic and feebly acidic^ formmg salts like alummium sihcate (the chief 
constituent of clay and felspar) and sodium aluminate (on account of which 
it is corroded by alkahs) In order of atomic weight the fifteenth element 
would be potassium which rightly falls next to sodium, and then comes 
calcium which has more in common with magnesium than with the others 

Proceeding in this way we can arrange the elements known at the time of 
Mcndeljeff in columns headed by hthium, berylhum, etc , arrangmg the 
columns in order of atomic weight with the heaviest at the bottom, and 
leaving gaps so that the atomic weights increase regularly from left to right 
as well as from top to bottom This is what Mendeljeff did, making an 
eighth column for a group of metals mcludmg iron with no representatives in 
the higher rows The importance of the arrangement (p 487) was shown 
by two things 1 he first was that in several cases of rare elements, e g indium, 
which were httle known at the time, the assigned values of the atomic weights 
were wrong To fit them into the table they had to be given atomic weights 
which were different muluples of their comb inin g weights, as afterwards 
confirmed by more thorough mvesugation The second is that the gaps 
began to be filled up with elements previously unknown, and the table 
assisted m their discovery by directing attention to their outstandmg proper- 
ties m advance 

The discovery of the heavier “mert gases” illustrates this use of Mendel- 
jeff’s rule During an echpse in 1868 a new element was detected by a promi- 
nent orange line m the spectrum of the sun’s atmosphere Smce it did 
not correspond to that of any known element it was called Helium In 
1882 It was again recognized m the flame spectrum of Vesuvius — this time 
on our own earth About 1894 Ramsay took up a problem which had been 
raised a century earher by Cavendish When Oj, COj, etc , have been 
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Atomic weights arc given correct to three significant figures H\drogen and the rare earth elements between Lanthanum and 
Hafnium are omitteu * Columbium is also called Niobium (Nb) 
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removed from air the residual mtrogen is somewhat heavier than mtrogcn 
prepared from mtrates (about \ per cent) If this residual mtrogen is removed 
by means of heated magnesium and quicklime (or sparkmg with O 2 to convert 
it into oxides which arc easily absorbed) there is a residue (about 1 per cent) of 
a heavier men gas which Ramsay called argon On examimng the “occluded 
mtrogen** of radioactive minerals, Ramsay found it was mainly composed of 
ano±er mert gas whose spectrum proved that it was the sun-clement hehum 
These two elements did not fit mto the existing Periodic Table They required 
a new column m which, presumably, other as yet undiscovered elements 
would fit A search for ±cm was made, and it was thought that traces of 
them might be present, like argon, m air Subsequent hquefaction of air led 
to the filling of the gaps m the new column by a class of five gases, hehum, 
neon, argon, krypton, and xenon All of these gases can be prepared from 
liquid air Helium is also obtamable in the gas from certain sprmgs (eg 
8 to 10 per cent at Sautenay), or bypulvcnzmg certam imncrals, e g monazite 
sand 

Hehum is the second lightest element, being only twice as heavy as 
hydrogen — less than a sixth as dense as air Bemg neither mfiammable nor 
corrosive it is specially suitable for dingibles Several recent disasters have 
resulted from the cnminal irresponsibihty of usmg hydrogen Argon bemg 
inert is specially useful for filhng electnc bulbs, smee it docs not wear away 
the hot filament The other mert gases have recently assumed a promment 
role m everyday life as advertismg signs If a mmute quantity of an mert gas 
is put in a vacuum bulb a charactenstic coloured glow is obtamed when an 
electric current is passed through it (p 761) Argon and hehum give white 
and gold, and neon a bnlhant orange red With the addition of a trace of 
mercury vapour a bright blue results If this is filtered through uramum glass, 
a green light is obtamed 

When the Periodic Law was put forward there were several conspicuous 
gaps m the middle of the table such as those now occupied by scandium and 
gallium m the boron-alumimum family, and by germamum m the same 
family as carbon and silicon Thus in 1870 it was possible to prescribe the 
following properties of an unknown element (then called “eka-sihcon**) with 
A W about 72 , specific gravity about 5 5, of greyish colour, formmg a white, 
slightly basic oxide XOg decomposed by sodium and havmg a specific gravity 
4 7 , forming a chloride XCI4 with boihng pomt )ust below that of water and 
twice the specific gravity, a sohd fluondc XF4, and an alkyl denvative 
X(C^H 5)4 boiling at 160° and very slightly below the specific gravity of water 
All of these were preciselv reahzed by the discovery of Germamum (A W 
72 6) in 1887 

The law which Mendcljeff announced is only the germ of a more precise 
generalization As stated by him it asserts that the properties of the elements 
and their compounds are a periodic function of their atomic weights When 
due allowance has been made for inaccuracies, which were current m his time, 
there are still three pairs of elements which do not fit perfectly Accordmg to 
the best modern determmations argon has the atomic weight 39 9, and potas- 
sium, which ought to be the next element after argon reacting the table from 
left to right, has the atomic weight 39 1 With the exception of these three pairs 



The Atoms of Democritus 489 

(argon-potassium, tellurmm-iodme, cobalt-mckel) the 90 odd known terres- 
trial elements form a coherent scries m conformity with Mendeljeff^s original 
declarauon The present position is that the properties of the elements and 
their compounds arc clearly a periodic function of some aspect of the size or 
complexity of the atom This complexity is m some way very closely related 
to atomic weight To discuss it m greater detail would carry us beyond the 
allotted task of this book 


beyond the periodic law 

The atomic theory embodied m the Periodic Table of the elements is the 
basis of nearly all calculations essential to the conduct of modern chemical 
manufacture Theoretical chemistry is once more in a state of active growth 
New knowledge of electnaty and of X-rays (sec Chapter XV) has led to the 
conclusion that the atoms of chemical manufacture are themselves compounds 
of smaller particles Nmetccnth-century chemists succeeded m makmg a 
workmg model of reactions used m chenucal mdustry by showmg how the 
more familiar properties of substances are related to the number and arrange- 
ment of atoms m the molecules or free particles of gases and solutions 
Twentieth-century chemistry is makmg models which show how the periodic 
properties of atoms of different elements depends on the number and arrange- 
ment of sub-atomic particles 

The sub-atoimc models of to-day have been suggested by discovenes about 
the radioactive elements, the conduction of electricity through gases and the 
produaion of X-rays Radioactive elements, such as radium, uramum, and 
the thorium of gas mantles, have two outstandmg peculianties One is that 
their compounds are photochenucally active, i e can blur a photographic 
negative m the dark The other is that they can tomse (p 761) gases, i e 
discharge a neighbounng electroscope without contact The first phenomenon 
occurs even if the plate or film is enclosed m a black cardboard box So tliey 
give up somethmg which will penetrate opaque objects The extent to which 
the two phenomena are affeaed by screemng, by a neighbounng magnet, 
and by the presence of electrified bodies, differs What they give up is 
complex 

The emanation of i:adioactive substances can thus be spht into three pans 
One fraction can be eliminated by screening with a sheet of paper It is drawn 
away by the poles of a strong magnet and ptJled astde by a negatively electri- 
fied plate tLs suggests that it is made of positively electrified partides The 
spectroscope shows that they are hchum atoms, positively elected like the 
helium atoms m a glowmg discharge tube (p 761) The second fraction is 
more penetrating It is also sensitive to a magnet, and is pushed away by the 
presence of a negatively electrified plate This suggests that it is made of 
negatively electrified partides These particles called dectrons (p 763) are 
much smaller than any atoms The thud fraction is most penetrating It is 
not defleaed by the presence of a magnet or of an electrified body 

Just as a diffraction grating separates a visible beam mto bnght and dark 
bands, mmeral crystals produce mterference of the gamma rays, or third 
fraction of lonizmg and photo-active emanation So it is possible to assign a 
wave-length to them Gamma rays pass, like light, through a vacuum, and may 

Q* 
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be regarded as actinic rays of much smaller wave-length than the ones near 
the violet end of the visible spectrum 
Like dry fused electrolytes rarefied gases will conduct electnaty supphcd 
at high voltage For reasons given m Chapter XV> this is because the atoms 
of an ionized gas break up into electrically charged particles, of which the 
negative ones (electrons) are of much smaller dimensions than the atom itself 
When the stream of electrons m a discharge tube (pp 761-763) strikes a 
surface, photo-actife ionizing radiations of still smaller wave-length than 
gamma rays are emitted The wave-lengths of these X-rays differ according 
to the substance which the electrons strike 
If the elements are arranged m a certam order, a simple rule connects the 
wave-length (W) of the X-rays which they emit with the number (N) 
correspondmg to their position on the hst The product WN^ is fixed. The 
position {atomic number) of the elements m this hst is nearly the same as 
their position when arranged in ascendmg order of atomic weight The only 
difference is that the exceptional pairs (argon and potassium, etc ) of the 
Penodic Table are reversed There is no excepuon to the rule that the pro- 
perties of the elements are a penodic function of their atomic numbers 
Briefly then, the new sub-atomic models were onginally construaed to 
take account of three classes of phenomena First, the positively electrified 
particles given off by radio-active elements, i e positively electnfied hehum- 
atoms Second, the fact that in contradistmction to the negative particles, 
which are extremely mmute by companson, the posmvely charged particles 
of an lomzed gas are approximately as heavy as atoms of the same gas Thirdly, 
that the X-ray frequency of emission when these negative particles strike 
the surface of an element is closely connected with its atomic weight, and still 
more closely with its chemical properties 
A fourth fact of great importance m connexion with the new theories is 
that atomic weights determmed by the ordinary methods are usually very 
nearly whole numbers Some elements can be separated mto fractions called 
isotopes with different atomic weights, and similar chemical properties The 
atomic weights of isotopes are always whole numbers Chlorme from natural 
sources can be separated by repeated diffusion into two such fractions Their 
atomic weights are respectively 35 and 37 They are scarcely distinguishable, 
except m so far as they diffuse at shghtly different rates on account of their 
different densities 

One atomic model which brmgs most of the known facts together is like a 
celestial system with a sun (nucleus) and planetary electrons revolvmg round 
It The nucleus which has a positive electrical charge balanced by the total 
charge of all the planetary electrons may be composed of smaller positive 
particles (protons) and less numerous electrons Its net positive charge 
corresponds to the excess of protons over the nuclear electrons If the number 
of protons is p, the total number of nuclear and planetary electrons must be 
p So, if there are n planetary electrons, there must be p-n nuclear ones The 
weight of the atom is supposed to correspond to the total number (p) of 
protons m the nucleus The atomic number corresponds to the number 
(p-w) of protons in excess of nuclear electrons, and therefore to the number 
of planetary electrons (n) which make up the defiaency To accoimt for the 
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eight periods of atomic numbers the maximum number of electrons m an 
orbit IS supposed to be eight The chemical properties of an element are 
supposed to depend partly on its atomic weight, and more especially on the 
number of planetary electrons From all this it follows that two atoms of 
different density, l^e the chlorme isotopes, may have the same atomic 
number, and therefore similar chemical properties Conversely, they may have 
the same atonuc weight and different chemical properties 
The discoveries of the last thirty or forty years do not dimmish the useful- 
ness of the older theories m their pro|>er sphere They will long contmue to 
be the basis of chemical mdustry That the elements of Avogadro’s theory 
may be made up of atoms of slightly different density is not a surprising fact 
A physical anthropologist might divide the employees of an Amencan railway 
into negroes and whites Everyone would know what he meant From his 
pomt of view, negroes and whites constitute definite umts An educatiomst 
might divide the same lot of employees mto college graduates and non- 
graduates A soaologist might divide them mto trade umomsts and non- 
union labour Agam, everyone would know that the educatiomst and socio- 
logist were descnbmg umts of human population as defimte as those of the 
ethnographer Only eugemsts would be surprised to learn that some negroes 
are college graduates, and some white men are blacklegs An element of 
nineteenth-century chemistry was a collection of materials from different 
sources classified from a defimte pomt of view It had certam charactenstics 
of state, hardness, elasticity, conductivity, heat capaaty, colour, form, 
odour, and so forth Less attention had been paid to its behaviour in the 
flame of a spectrometer, and its reaction to X-rays or to electrons had not 
been studied at all Such were the limitations withm which the element of 
mneteenth-century chemistry was classified as a umt of matter From the 
standpomt of ethnology a negro is a black man with curly hair and thick lips 
He may be a umvcrsity graduate from the standpomt of an educatiomst, a 
trade umomst or a teetotaller from the standpomt of sociology, or a gendeman 
from the standpomt of ethics So also a substance may be one element from 
the standpomt of contemporary chemical mdustry, and a collection of isotopes 
from the standpomt of the Cavendish laboratory 
The truth of mneteenth-century chemical theones was circumscribed by 
hmitations of two kmds Besides the limitations due to the kmd of properties 
used for distmgmshmg elements, there were other Imutations due to the 
choice of the matenals studied The fundamental experiments were based on 
the behaviour of matter m the gaseous state and m solution While it could 
tell us much about reactions between gases and solutions, and reactions which 
occur at the surface of sohds, where there is a film of vapour, it could tell us 
nothmg about the make-up of sohds It could give us a model showing how 
ozone differs from ordinary oxygen It could not give us a model showmg 
how coke differs from diamonds The use of crystals as gratings for studymg 
the wave-length of X-rays has led to a new model of the way m which the 
particles of sohd substances are spaced Such models shed fresh hght on the 
strength and hardness of matenals At present the chemistry of the sohd state 
IS m its infancy. Eventually it may transform the industry of buildmg which 
still rehes largely on structural matenals used by the first aty dwellers of 
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Mesopotamia and the Nile Wc may use the new chemistry to build a new 
life for mankind or the old chemistry to extenmnate the human race. 

EXAMPLES ON CHAPTER IX 

1 If 100 c c of carbon monoxide measured at standard pressure and tem- 
perature are burned m 600 c c of air, what will be the volume of the residual 
gas measured (a) over mercury, (b) over a solution of caustic soda or lime at 
STP ? 

2 If 600 c c of chlormc and 200 c c of hydrogen (both measured at S T P ) 
are left to combine m sunlight, what will be the final volume of residual gas 
measured over paraffin at S T P ? 

3 If 600 c c of ammoma (NHg) are mixed with 600 c c of hydrochloric acid 
gas (HCl), what will be the volume of residual gas measured first over paraffin 
and subsequently over caustic soda? To what do you attribute the presence of 
a cloud of white particles in the gas? 

4 What will be the residual volume of gas measured over a drying agent 
at S T P , if 400 c c of hydrogen are exploded with 600 c c , 760 c c , 1,600 c c 
of air (2 1 per cent oxygen) at S T P ? 

6 In a graduated cylmdncal vessel of 10 sq cm sectional area 200 c c of 
hydrogen are sparked with 125 c c of air over sulphuric acid (specific gravity 
I 8) at atmospheric pressure (76 cm mercury barometer) The residual gas after 
absorpuon of water vapour by the acid measures 260 c c when the cylinder is 
depressed till the fluid is at the same level inside and outside How high did 
the sulphuric acid rise m the cylmder after sparkmg? 

6 Given that 1 mol of any gas occupies 22 4 litres at S T P , compare the 
values of R m the equation pv = nRT, 

(a) when the units are atmos and litres 

(b) when the units are dynes per sq cm and c c 

(c) when the umts arc cm mercury and c c 

7 The relative densities of prussic acid, which is a compound containing 
hydrogen, carbon, and nitrogen only, and of carbon monoxide (formed by 
burmng excess of carbon m oxygen) arc respccuvely 13 6 and 14 What are the 
only molecular formulae consistent with these figures and those for the atomic 
weights of the elements in these compounds? 

8 Two oxides, one of carbon and the other of mtrogen, both have the same 
relative density of 22 Give their formulae and calculate their percentage com- 
position by weight 

9 The relative density of sulphuretted hydrogen is 17 It is twice as dense as 
ammonia What are the only formulae for these two substances consistent with 
the knowledge that one is a compound of sulphur and hydrogen, and the other 
of mtrogen and hydrogen? 

10 If 100 c c of carbon monoxide (CO) is burned m a closed space contam- 
ing a litre ( 1 ,000 c c ) of air and quicklime, what is the final volume of gas, and 
Its percentage composition by volume? The air may be taken to contain 21 per 
cent oxygen by volume 

11 At 1 40° C an oxide of mtrogen which has a deep brown hue is found 
to have a relative density of 23 When it is cooled below 30° C it becomes 
nearly colourless and progressively more dense Its relative density approaches 
a value of 40, as it is cooled further Analysis show's that no free mtrogen or 
oxygen are present What conclusions do you draw? If the relative density at 
28° C (referred to hydrogen at the same temperature) is 39, what is the com- 
posiuon of the nearly colourless gas at that temperature? 
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12 Find the formulae of the following substances from the vapour density 
(V D ) and percentage composition by weight as given below 


(a) Nitric Acid V D 315 

(b) Ammonia V D 8 5 

(c) Chloroform V D 69 7 5 

(d) Acetic Acid V D 30 

(e) Glycerine V D 46 

(/) Formaldehyde V D 15 

(g) Acetone V D 29 

(h) Methyl Cyamde V D 20 6 
(0 Carbohe Acid V D 47 


Hydrogen 1 6, Nitrogen 22 2, Oxygen 
76 2 

Hydrogen 17 65^ Nitrogen 82 35 

Hydrogen 0 8, Carbon 10, Chlorine 
89 2 

Hydrogen 6 7, Carbon 40, Oxygen 
63 3 

Carbon 39, Hydrogen 9, Oxygen 62 

Hydrogen 6 7, Carbon 40, Oxygen 
63 3 

Hydrogen 10 3, Carbon 62 1, Oxygen 
27 6 

Hydrogen 7 3, Carbon 68 6, Nitrogen 
34 2 

Hydrogen 6 4, Carbon 76 6, Oxygen 17 


13 After continuous sparkmg through 100 cc of pure oxygen, the smell 
of ozone is detected and the volume is found to have contracted to 98 c c 
Ozone, unlike oxygen, is absorbed by turpentine When shaken with turpentine 
the gas occupies only 94 c c and the smell of ozone is no longer detected 
How is this explamed? Use your explanauon to calculate the percentage ozone 
content of a mixture of which 100 c c expand to 101 cc when exposed to 
platinum black which decomposes ozone 

14 If 1 gram of hydrogen at 0° C and 760 mm pressure occupies 1 1 2 litres, 
how many grams of sulphur must be burned m 50 litres of air to absorb all the 
oxygen m it? 

15 Illustrate the laws of reciprocal and multiple proportion by the following 
analyses givmg percentage composition of chlorides, oxides, sulphides, and 
hydrides Give the combimng weight of each element takmg hydrogen as 
umty 


Substance 

Hydrogen 

Oxygen 

Chlorine 

Sulphur 

Metal 

Copper oxide 

_ 

20 1 

—— 

■ 

79 9 

Water 

H 2 

88 8 

— 

— 

— 

Magnesium oxide 

— 

39 7 

— 

— 

()0 3 

Iron (ferrous) oxide 

— 

22 2 

— 

— 

77 8 

Mercury oxide 

— 

7 4 

— 

— 

92 b 

Hydrochloric acid 

2 7 

— 

07 3 

— 

— 

Sulphuretted hydrogen 

5 9 

— 

— 

94 1 

— 

Magnesium chloride 

— 

— 

74 5 

— 

25 5 

Copper chloride 

— 

— 

62 7 

— 

47 3 

Silver chlonde 

— 

— 

24 7 

— 

75 3 

Mercury sulphide 

— 

— 

— 

13 8 

86 2 

Silver sulphide 




22 9 

77 1 


16 The density of a substance is found to be 38 times that of hydrogen at 
the same temperature and pressure Its percentage composition is 84 25 per 
cent sulphur and 16 76 per cent carbon What is its formula? 



494 Science for the Citizen 

17 One mol of any gas at S T P occupies 22 4 litres If the formula of 
potassium chlorate is KClOg, what weight and what volume of oxygen at 10° C 
and 750 mm pressure may be obtamed from the decomposition of 20 grams 
of It? 

18 The molecular weight of ammoma is 17 03 Takmg the atomic weights 
of hydrogen, mtrogen and oxygen as 1, 14, and 16, assummg that the molecule 
of each of them contains two atoms, and taking the percentage of oxygen m air 
as 21, what is the density of ammonia referred to air? 

19 The percentage composition of an organic compound is hydrogen 6 3, 
carbon 40, oxygen 63 3 Half a gram gave 327 6 c c of vapour at 200° C and 
760 mm pressure What was its molecular formula? 

20 If 80 grams of gas given off from the electrolysis of water occupied 
60 litres at 17° C , what were the partial pressures of oxygen and hydrogen? 

2 1 What volume would 40 grams of oxygen occupy at 2 atmospheres pres- 
sure and 27° C ? 

What pressure would 40 grams of cane sugar dissolved in 1 htre exert at 
27° C ? 

23 The formula of urea is CON2H4 At 10° C the osmotic pressure of a 
water solution of urea is 500 mm of mercury If the solution is diluted to 10 
umes Its former volume, what would be its osmotic pressure at 15° C ? 

24 1 he osmouc pressure of a solution of 0 184 gram of urea in 100 c c of 
water at 30° C was found to be 66 cm of mercury Calculate from this its 
approximate molecular weight 

25 A solution of I mol of potassium bromide (KBr) in 8 hires of water at 
25’ C IS 82 per cent dissociated into ions What is its osmotic pressure? 

2(j A soluuon containmg 1 9 mols of calcium chloride (CaClj) is m osmouc 
equilibrium witli a solution containing 4 05 mols of glucose If the formula 
of glucose is CgHjgOg, what is the percentage lomc dissociauon of the salt? 

27 It I mol ot aceuc acid (C2H4O2) and 1 mol of ethyl alcohol (CgH^O) 
are heated in the presence of a catalyst the reacuon proceeds ull 1/3 mols 
acetic and 1/3 mols alcohol remain If we start with (a) 60 g of acid and 
92 g of alcohol, (6) 60 g of acid, 46 g of alcohol and 18 g of water, (c) 88 g of 
ethyl acetate and 54 g of water, how much ethyl acetate will be formed after 
long boiling? 

28 Iron and steam react accordmg to the “equauon** 

3Fe + 4HaO = Fe^O^ -h 4H2 

In an experiment the parual pressure of steam and hydrogen m equilibrium 
at 200° C were 4 6 cm and 95 9 cm (mercury) respecUvely What is the 
pressure of hydrogen in equilibrium with it, when the parual pressure of the 
steam is 9 7 cm? 

29 If iron is heated at 200° m a closed vessel with steam at a pressure of 
I atmos , use the data of the last example to find the parual pressures of steam 
and hydrogen, when no further reacuon occurs 

30 Amyl alcohol and tncliloraceuc acid react to form amyl trichloracetate as 
follow s 

CQa COOH -i- = CCI3COOC5HU 

At 100 C a mixture m equilibrium contains 3 846 mols amyl alcohol, 0 6594 
mols acid and 2 111 mols of ester per hue If it had started with 1 mol of 
acid and 4 48 mols of alcohol m 638 c c at 100°, what would be its com- 
posiUon at equihbrium? 
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31 At 2000° C under atmospheric pressure 1 8 per cent of carbon dioxide 
IS broken down into oxygen and carbon monoxide as follows 

2CO2 = 2 CO -f O2 

What IS the eqiulibrium constant of the reaction at that temperature expressed 
xn pressures (atmos )? 



CHAPTER X 


THE LAST RESTING PLACE OF SPIRITS 
A Planned Economy of Carbon Compounds 


The nse of one great chemical mdustry — gas manufacture— followed imme- 
diately upon the introducDon of coal as a source of power and the utilization 
of coal for metallurgical operations Coal gas itself is a mixture, mainly of 
four inflammable constituents m varymg proportions of which the followmg 
figures may be taken as typical hydrogen 50 per cent, methane (CH 4 ) 
30 per cent, carbon monoxide (CO) 10 per cent, and various hydrocarbons 
such as benzene (C^Hg) and ethylene (CgH^) 5 per cent The residual content 
includes various other gases, such as ammoma (NH3) which is now removed 
for manufacture of mtrogenous fertilizers What is supphed as “coal gas” 
is not always the gas which is emitted from coal when heated It is often 
mixed with tvaier gas^ prepared by passmg steam over the residue or coke 
which is left after the coal gas has been distilled off When steam, which 
IS hydrogen oxide, is passed over coke (which is comparatively pure carbon) 
It IS reduced like a metallic oxide An inflammable mixture of hydrogen and 
carbon monoxide is produced thus 

HgO + C-^Hj + CO 

The introduction of coal produced a profound change in what the biologist 
would call the ecological relations of mankind Stores of dead organic material 
were substituted for products of hvmg orgamsms previously used as fuel 
(wood or charcoal) or as lUuminants (tallow, becs-wax, whale oil) This dis- 
placement was carried further by the emergence of two other industries, 
shale oil (1848) and American petroleum (1859) The distillation of shale 
furmshed a source of oils (“paraffin'*) for heating and lUummauon, lubri- 
caang oils, and waxes These superseded the use of ammal and vegetable 
fats From crude petroleum, in addition to volanle oils which proved to be 
so important in the later development of the mternal combustion or gas 
engine, vaselines, sohd waxes, and pitch for road making were also obtained 

In the meantime other uses had already been found for coal itself Besides 
the gas distilled over and the coke remammg when coal is heated, vapours 
mixed with the gas condense m the tubes and contamers after coohng 
The crude mixture which condenses first is called coal tar To begm with. 
Its appearance was regarded as an mcidental nuisance, because it dirtied 
the pipes Chemists were set to work on it, at first more m the hope of getting 
rid of It than of using it Coal tar is now the basis of the great chemical 
industries of dyes, disinfectants, modem explosives, synthenc perfumes, 
drugs, and synthetic resms By heatmg, it can be separated mto fracuons 
of decreasing volanhty The Light Oil which vaponzes at the lowest tem- 
peratures is mainly a mixture of substances known as benzene^ toluene^ and 
xylene Ihc Middle Od is a muturc of which the chief constituents are 
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phenol or carbolic acid (as we call it in domestic use) and naphthalene (moth 
balls) The Heavy Oil composed of substances c^ed cresols is used for 
wmter sprays m fruit culture Anthracene Oil, the least volatile fraction, is 
so called because it is mainly made up of a substance called anthracene The 
final residue is pitch This is now an ingredient of asphalt used in road 
makmg, the techiuque of which had contmued unchanged m essentials from 
Neohthic times till the mtroduction of coal 
The chemical study of the coal tar denvatives foimd m these fractions 
and of compounds easily derived from them progressed rapidly after the 
’fifties, when Perkm discovered how to make a cloth dye, “mauve,” from 
impure aniline. Till then the dyemg of all textiles had been earned out with 
plant jiuces like madder, “gram,” or mdigo, and animal excretions like the 
Tynan purple of antiquity In 1868 two German chemists synthesized 
“alizarm,” the colounng matter of the madder plant from anthracene Within 
a decade the madder mdustry of France was rumed The synthesis of mdigo, 
then a vegetable dye imported from India, soon followed Several thousands 
of these synthetic dyes are now produced 
Traditional medicme succumbed m the same way as traditional dyemg 
The old herbahsts had rehed exclusively on the native products of the living 
plant to concoct preparations sometimes with genume but more often with 
supposititious benefits The manufacture of useful antifebrile drugs, phena- 
cetm, saheyhe aad, aspirm, and antifebrm, followed as soon as the chemical 
constitution of the simpler active constituents of medicinal herbs had been 
estabhshed A new class of more powerful explosives, of which tnnitro- 
toluene or T.N T is an example, emerged as another by-product of coal 
tar chemistry. The antiseptic properties of coal tar stimulated the search for 
new antiseptics of which crude “carbohe aad” was one of the first to be 
mtroduced. Today coal tar is the source of synthetic scents, synthetic anti- 
septics, anaesthetics, synthetic narcotics and soporifics (like veronal), ex- 
plosives, synthetic resms, as well as the enormous variety of synthetic 
pigments These substances do not exist because coal tar itself has unique 
or miraculous resources The reason why we can put coal tar to so many 
uses IS that when we know how the orgamc molecule is huilt up^ we can 
generally make it from the dismtegration products of any orgamc material 
All the primary products of the coal mdustry, except the free hydrogen 
and traces of ammoma, etc , present m the coal gas, are compounds of carbon 
What is called orgamc chemistry to-day, the chemistry of the carbon com- 
pounds, IS mainly the outcome of putting chemists to work on coal tar. 
A new trade m chemical fertihzers (Chapter XIX) was also built on the 
utilization of traces of ammoma m coal gas itself Pre-existing mdustries 
had already conspired to nurse the study of the carbon compounds before 
the extensive exploitation of coal tar began m the latter half of the mne- 
teenth century The chenustry of sugar manufacture, of wme fermentation 
and of brewmg ha)^ been mentioned m previous references to the original 
programme of the Royal Society At the end of the eighteenth century the 
beet sugar mdustry had broken the monopoly of the American sugar cane 
by direa apphcation of new knowledge concermng the chemical charac- 
tenstics of the sugars During the first half of the mneteenth cenmry the 
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expanding export wine industry of France {vide Chapter XVIII) provided a 
powerful stimulus to the study of alcoholic fermentation, to the production 
of vinegar, and to crystallographic researches on tartaric aad 

In a pnvate commumcation Mr Mackie, who has studied the history of 
sugar taxation, gives the followmg details of the rise of the sugar mdustry 
The original sugar cane was a tall rank grass indigenous to the Ganges basm, 
whence it spread to Southern China The Chmese Government sent students 
to BeKar {area a d 648) to study cultivation and manufacture. Origmally 
cancs were crushed for juice, which was then evaporated Refinmg of syrup 
was carried out from the eighth century onwards m Persia There was an 
extensive Arabic trade m white sugar from the tenth century Cultivation 
thus spread to Spam, Egypt, and Syria, where crusaders became acquamted 
with It Its supposed medicinal use in lung disease interested Arabic physi- 
cians in chemical methods of refinmg it Under Kubla Khan chemists were 
sent from Egypt to instruct the Chmese m sugar refining The European 
trade dates from the fourteenth century, when sugar cane was cultivated m 
Sicily and earned by Venetian traders from the Levant Thence followed a 
European trade m confectionery, sugar candy, etc , perfumed with essence 
of roses, violets, etc Henry the Navigator cultivated it m Madeira After the 
discovery of America, Portuguese plantations were transferred to Brazil, 
Guiana, and the West Indies This was partly because of the chmatc and 
partly for getting cheap labour 

Sugar was classed with nee, almonds, and dried fruits as sptce m early 
records of the Grocers* Company engaged in Venetian barter trade Two 
refineries were set up m London m the middle of the sixteenth century 
By 1650 there were fifty English refinencs About 1740 Margraf obtained 
sugar from beet juice His pupil Achard improved the extraction process 
Frederick William III of Prussia cultivated beet on his estates, and set up 
factories for Achard in 1801 After the naval blockade of French ports by 
Britain in 1807, Napoleon ordered the planting of 80,000 acres of beet 
Schools were set up for teaching the techmque of sugar manufacture, and 
a flourishing French industry developed Dunng the ’forties the French beet 
industry practically monopolized the sugar trade of France 

It IS convenient to separate the study of the carbon compounds from the 
study of others for two reasons One is that carbon forms a prodigiously 
large number of compounds, the multiphaty and complexity of which is a 
fundamental condition of the complexity of hvmg orgamsms The other is 
that the methods of preparation and synthesis employed m the study of 
this enormous assemblage of carbon compounds are pecuhar In studymg 
mineral compounds three mam types of chemical reaction are employed' 
separation by heat into a volatile and non-volatile portion as m the reduction 
of an ore or formation of quick hme, decomposition by the electrical current, 
and precipitation in solution through the free intei^ction of electncally 
charged sub-molecules or ions None of these three methods is used much 
in studymg carbon compounds If sohd they arc nearly always volatile They 
are rarely electrolytes, as are most soluble mmeral compounds So, unlike 
electrolytes in solution, they react very slowly and usually require a catalyst 
to help them to do 50 This means that the chemistry of carbon compounds 
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mainly depends on the coal tar method Mixtures are heated and distillates 
are collected at dilferent temperatures The process is repeated till fractions 
of constant boilmg pomt, the pure consutuents, are obtamed 

This practical distmcuon, which emerges when we seek real knowledge 
bearmg fruit m acuon, is very different from one which philosophers 
had already made, when the carbon compounds were merely objects of idle 
curiosity Long after it had been shown that the carbon dioxide produced 
m our tissues and exhaled m our breath can be synthesized from atmospheric 
oxygen and carbon, the carbon compounds contmued to provide a refuge 
for animistic behefs which obstructed the progress of early chemistry One 
stronghold of superstition was the process of fermentation The chemical 
study of sugar, which preceded the begmmng of the beet mdustry at the end 
of the eighteenth century, threw a flood of light on one of ±e oldest chemical 
mdustnes Al±ough mankind had been usmg catalyuc processes in baking 
and brewmg for many millennia, the nature of fermentation was surrounded 
by mystery till the middle of the mneteenth century The Arabs had dis- 
tilled a “spirit ” — alcohol or spirits of wme — which was known as the “active 
principle” of mtoxicatmg liquors. Subsequently Black had shown that the 
bubbles given off in fermentation are “fixed air ” Further msight into what 
goes on durmg fermentauon was checked by absence of knowledge about 
the nature of yeast before there were good microscopes to reveal the yeast 
orgamsm, and ignorance about the chenucal charactenstics of sugar 

Since sour fruit juices ferment as well as those which are nouceably sweet, 
there was nothmg to suggest that sugar is the* common basis of the reaction 
till the chemical properties of sugars were sufficiently well known to make 
them identifiable m the absence of nouceable sweetness Thus the fer- 
mentation of fruit juices in the absence of yeast appeared to be “spon- 
taneous ” About the time when beet sugar was first made, Lavoisier suggested 
— without proving — that the essence of fermentation is the decomposition 
of sugar Although the chemical sequence of events mvolved (see p 474) 
was disclosed soon after this, the discovery of the part played by the yeast 
organism served only to thicken the air of mystery — the aura vitalis — and to 
discourage the hope that fermentation is a chemical model for human in- 
genuity to imitate. 

This air of mystery which surrounded the process of fermentation left 
open a last shelter for spiritual agencies m the realm of chemical combma- 
uon The useful distinction between carbon (“orgamc”) and mineral (“in- 
orgamc”) chemistry became a barren metaphysical dogma So strongly was 
dogma entrenched that the great chemist Henry could write m the second 
decade of the mneteenth century. 

It is not probable that we shall ever attam the power of imitatmg nature 
m these operations For in the functions of a livmg plant a directmg principle 
appears to be concerned pecuhar to ammated bodies and superior to and differ- 
mg from the cause which has been termed chemical affinity 

In the very next year a German chemist Wohler (1828) discovered that 
urea, the prmcipal orgamc constituent of human urme, can be prepared from 
the evaporation of solutions of ammomum cyanate, a substance w^ch can be 
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built up from its elements carbon, mtrogen, hydrogen, and oxygen, in the 
laboratory One method is to keep sparking mtrogen with carbon electrodes 
like those of an arc lamp. A highly poisonous gas cyanogen (CgNg) is then 
formed If cyanogen is passed into a solution of caustic potash a mixture of 
two salts IS formed One is potassium cyamde (KCN), a well-known 
poison The other is potassium cyanate (KOCN) If the latter is treated with 
a concentrated solution of ammomum sulphate, crystals of ammomum 
cyanate (NH4OCN) separate out Wohler announced his discovery with the 
declaration that he could make urea without the help of a man, a dog, or a 
kidney Such discoveries drove spints from their last resting place in the 
theory of cheimstry 

The transition from the use of hvmg animal and plant products to the 
use of dead organic residues such as coal, shale, or petroleum, as sources of 
heat, illummation, drugs, dyes, and perfumes, was socially the transition 
from a predommantly rural to a predommantly urban economy, from the 
green and pleasant land to the dark Satamc mills of Blake’s poem Techno- 
logically It was the transition from the use of substances with high molecular 
weights to substances with low molecular weights The three mam constituents 
of all hvmg matter are classified as carbohydrates y fatSy and proteins The first 
include the sugars, starches, and what is by far the most abundant orgamc 
material m the world, the mam dry constituent of plant tissues such as 
i^ood fibre, namely cellulose The carbohydrates contam carbon, hydrogen, 
and oxygen So also do the fats, a term which mcludes the animal and vege- 
table oils One class of fats, the lecithins (of egg yolk), contam phosphorus and 
nitrogen as well The proteins all contam mtrogen as well as hydrogen, oxygen, 
and carbon Most of them contam sulphur and many contam phosphorus A 
few contain other elements, such as iron, which is present m the red protein 
pigment haemoglobin of our blood The molecular weight of the simplest 
natural proteins is in the neighbourhood of ten thousand The molecular 
weight of the simplest natural sugar, glucose, is 180, which is three times 
as large as the molecule of common salt and is very small compared with the 
molecule of cellulose The molecular weight of the common fats is m the 
neighbourhood of a thousand Compared with these figures the molecular 
weights of the consutuents of coal gas or coal tar are small The molecular 
weight of methane is 16, and that of carbohe acid, or as we shall henceforth 
call it phenoly is 94 

4 he organic residues of the new economy were thus the bricks and plaster 
of the molecules of more complex carbon compounds which exist m hvmg 
bemgs In finding how to make substitutes for hvmg products by usmg the 
waste material of the coal gas industry, the chemist was therefore findmg 
how to build with bricks common to any orgamc matter The social possi- 
bihucs of this step go far beyond the madcntal use of coal itself m a highly 
urbanized society England’s green and pleasant land is not mcompauble 
with the fullest use of sacntific knowledge 

PFCULIARITIES OF CARBON COMPOUNDS 

Wohler’s discovery mvolves one of the characteristics which provides a 
clue to the amazing mulnphaty of the carbon compounds The two com- 
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pounds ammonium cyanate and urea are both compounds of which the 
molecular weight can be easily dctermmed Both are soluble in water We 
therefore know the complexity and composition of their molecules The 
one passes mto the other without the formation or addmon of a third sub- 
stance Both have the same percentage composmon of identically the same 
elements, and can be represented by one and the same formula CON2H4 
In what does the difference he? 

The difference between molecules which are made up of the same atoms 
or of different atoms m the same proportions may be of two kmds We have 
already touched on one of these When we make electric sparks repeatedly 
in oxygen the gas becomes more dense Ordmary oxygen turns into another 
gas which IS one and a half times as heavy as the oxygen in the air or the 
oxygen usually obtamed by heatmg decomposable metallic oxides It is 
called ozone Ozone combmes with carbon to form carbon dioxide and 
nothmg else, just as soot or diamond combme with ordinary oxygen to form 
carbon dioxide and nothing else So its atoms are the same as the atoms of 
ordmary oxygen, just as the atoms of diamond and soot are both carbon 
atoms Ozone differs from oxygen m havmg a molecular weight one and a half 
times as great If we represent oxygen by Og, we must therefore represent 
ozone by O3 The difference between the two gases simply concerns the 
number of atoms m the molecule This cannot be the sort of difference with 
which we are dealmg m the case of ammomum cyanate and urea Both have 
the same molecular weight 

Two groups of objects may differ with respect to the kinds of them in 
each group, the numbers m each group, and the arrangement m each group 
The difference between urea and ammomum cyanate does not involve the 
kind and number of atoms m the molecules So it can only be a difference of 
arrangement Although we have not touched directly on the arrangement of 
atoms in a molecule, we have already had a clue We have noticed that just 
as all metallic chlorides have one or more atoms of chlorine combmed with a 
metal, all metalhc carbonates have the atom cluster or radicle CO3 Just as 
all the sodium salts have the hydrogen atom of an acid replaced by an atom 
of sodium, all ‘"ammomum” salts have the atom cluster or radicle NH^ of 
the hydroxide NH4OH, which is formed when ammoma NH3 dissolves in 
water (HgO) Thus ammomum chloride is NH4Q, ammomum carbonate 
(NH4)2 CO3, and so on Similarly ammomum cyanate is NH^OCN just as 
sodium cyanate is NaOCN 

The pecuhanty of these radicles is that they arc relauvely stable collecuons 
of atoms which go in and out of chemical reactions as a group Hence sub- 
stances m which they occur have common characteristics of chemical 
behaviour For mstance, the addition of a calcium salt m solution to either 
ammomum or sodium carbonate results m the precipitauon of calcium 
carbonate and the formation of the sodium or ammomum salt of the acid 
from which the calaum salt was formed (e g (NH4)2C03 + CaCl2 ^ 
2NH4Q + CatCO^ Nearly all ammomum salts are extremely soluble The 
noteworthy exception is that they form a yellow msoluble chloroplatinate, 
and are therefore preapitated from solution as a yellow powder when 
chloroplatimc aad is added Besides havmg different physical properties 
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such as Its melting pomt and the shape of its crystals, urea differs from ammo- 
mum cyanatc m its chemical behaviour. Ammomum salts show the charac- 
teristics of electrolytes m solution by taking part in such reactions and by 
conducting an electnc current The ammomum radicle sphts off as an elec- 
trically charged sub-molecule or ion Urea is not an electrolyte It fails to 
give a yellow preapitate with chloroplatmic acid. Thus urea does not 
show most charaaenstics which we associate with the radicle NH4 m ammo- 
nium salts 

The queer thing about carbon compounds is the enormous number of 
simple radicles contammg a carbon atom, such as CO, CN, CNO, CH3, 
C0H5, C(^H5, COOH, CHO, CHOH, CH^OH, etc Hence it is possible for 
many compounds with different chemical behaviour to have the same per- 
centage composition and the same molecular weight. To distmguish them, 
or to tdl what sort of substance a carbon compound is, we have to write the 
formula so that the atoms are grouped together m radicles A chemical formula, 
as we have seen, is a compact way of conveymg a mass of information about 
the physical properties, chemical behaviour, and methods of preparanon, of 
a suhbtance In the large class of carbon compounds, the elements which arc 
contained in the molecule of a substance are comparatively unimportant 
Their behaviour depends more especially on how the atoms are arranged, 
that IS to say, which groups of atoms stick together Hence the formula of 
a carbon compound only contams relevant information about its ongm and 
behaviour, if it indicates such a grouping 

For instance, the essential consutuent of vinegar, acetic aad, a substance 
which IS a crystalline solid in a cold room and a colourless liquid which mixes 
freely with water in a warm room, might be represented as C2H4O2. While 
this formula would correctly tell us the proporuon by weight of its con- 
stituents and the molecular weight of acetic acid vapour, it would not dis- 
tinguish it from two other substances called methyl formate and glycoUic 
aldehyde Roth of these have the same molecular weight and the same per- 
centage composition, but different physical properties, totally different 
chemical behaviour, and different methods of preparaDon Thus acetic aad 
IS a weak electrolyte turning blue litmus dye red m soluuon Like a mineral 
acid It IS capable of decomposing carbonates or combining with caustic 
alkalis to form salts such as sodium and calcium acetate, m which one atom 
of hydrogen is replaced by one atom of a monovalent metal Methyl formate 
and glycollic aldehyde are not electrolytes 1 hey are not aads They do not 
decompose carbonates or combine with caustic alkahs to form metallic salts 
So they differ from acetic acid because they have no hydrogen atom which is 
readily replaceable by an atom of a metal As a first step we may therefore dis- 
tinguish acetic acid as C2H3O2 H from methyl formate or glycoUic aldehyde 
C2H4O2 This indicates that the radicle C2H3O2 is common to all acetates 
like sodium acetate Na(C2H302) and calaum acetate Ca(C2H302)25 which are 
respectively formed by the action of vmegar on bakmg powder and chalk 
The formula C2H3O2 H only conveys one set of facts about the chemical 
behaviour of acetic acid For instance, the whole atom duster CgHjOg can 
be combined with various metals just as the atom Q of the acid HQ (or 
Cl H) can be combmed with metals m the salts which we call chlondes, 
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and these acetates m general have certain common properties just as the 
chlorides in general have certam common properues As it stands tins formula 
gives us no clue to how we might build up acetic acid from its elements 
When It IS written m the form CH3COO H it suggests several ways of 
buildmg up acetic acid from its elements^ when we have mastered one or 
two quite general rules about the behaviour of carbon compounds When 
you have seen the reason for splittmg the complex radicle (CgHgOg) mto 
(CH3COO), you will see how fruitful this device is For example, it shows 
us how we could build up acetic acid from the methane CH4 of coal gas if 
we wanted to do so If mixed with chlorme m sunlight, methane combines 
to form a series of compounds m which one, two, three, or four atoms of 
hydrogen are replaced by chlorme atoms. One of these is called methyl 
chloride CH3CI, another is the famihar anaesthetic chloroform CHCI3 A 
similar senes of compounds is formed by the substitution of the element 
lodme, which is very closely related to chlorme m its properties One of 
these is methyl iodide CH3I Another is the antiseptic iodoform CHI3 When a 
chlorme or lodme denvative of a carbon compound is heated with potassium 
cyamde, the chlorme or iodine atom is generally replaced by the cyamde 
radicle CN Thus we can easily convert methyl iodide mto methyl cyamde 
CH3CN The cyamde radicle has a pecuhanty which is very important It 
is easily broken up by boiling in the presence of water This results in the 
formation of ammonia and another radicle For instance, if we go on boiling 
a solution of potassium cyanide itself we get a difterent salt, potassium 
formate, which contams no mtrogen Its composiuon corresponds to the 
formula K COgH or H COgK This is the potassium salt of the formic 
acid (H COgH) found m nettles and m the stmg of ants The acid itself can 
be formed m an analogous way by prolonged boilmg of a solution of the acid 
(prussic or hydrocyamc acid) of which potassium cyanide is a salt Prussic acid 
H CN becomes H CO^H The preparation of either formic acid or potas- 
sium formate might be put m a general way, thus 

X CN + 2H20->X CO2 H+NH3 

In the same way methyl cyamde when boiled for a long while with water 
becomes aceuc aad, thus 

CHgCN + 2H2O ^ CH3CO2 H + NH3 

Writmg the formula of acetic aad m this way tells us first that it is derived 
from the methane of coal gas by replacmg one of the hydrogen atoms of 
methane CH4 with the radicle CO2 H or as it is more often wntten COO H, 
because m certam arcumstances one of the oxygen atoms can be displaced 
Further, it tells us that the substance shares all the characterisucs common 
to all compounds with the radicle COOH, 1 e the “orgamc acids ” The 
tremendous economy of this symbolism depends on two facts The first is 
that, smce compounds contaimng a given radicle have certain common 
charactenstics, we can detect what radicles make up its molecule, when we 
have determmed the molecular weight and percentage composiuon of a 
compound, if its behaviour is fairly well known The second is that smce there 
are comparaUvely few rules about the way m which one radicle can be re- 
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placed by another, we can see at once what has to be done to build up any 
org ani c compound from any other which we have at our disposal. 

We may illustrate this once more by considermg an orgamc aad called 
succinic acid which occurs m fossil wood and amber By its molecular 
weight and composiuon it is found to be G4H0O4 From its chemical be- 
haviour It IS recognized to have two COOH radicles and may be represented 
as C2H4 (C00H)2 Besides methane, coal gas contains a hydrocarbon called 
ethylene which is responsible for its lummosity Its formula is C2H4 Ethylene 
combmes to form “addition compounds” with chlorme and lodme represented 
by the formulae C2H4CI2 or C2H4I2 (ethylene chloride and iodide) By heat- 
ing these with potassium cyamde we get C2H4(CN)2 or ethylene cyamde On 
boilmg this we get succmic acid So if we know the radicle formula of succimc 
acid, we see at once that it can be built up from ethylene m a senes of steps 
precisely analogous to those used m building up acetic aad from methane. 

The different behaviour of ethylene and methane m their reactions with 
chlorme or lodme illustrates a device which is very useful m suggesting 
what sorts of radicles are combmed m a molecule When we say that a radicle 
behaves like an element m remaimng stable through a large vanety of 
chemical changes (so that some radicles have been confused with elements 
until It has been found possible to build them up from elements), we mean 
that the same elements persist as a group m the same proportions by weight 
throughout a senes of reactions and that, when present as a group m these 
propomons m a compound, they confer speaal charactensucs upon it This 
IS an empirical fact whether we accept or reject the atoimc view of matter 
We have not yet recognized any general clue to the ciraimstances m which 
radicles are formed 1 he recogmtion of such a clue proved to be one of the 
most frmtful developments of the atomic doctrme It depends on the charac- 
terisuc called valency (p 485 ) 

In the last chapter it was said that sodium has a valency of I, because one 
atom of sodium replaces one atom of hydrogen m aads like H2SO4 or HQ 
to form salts such as NaHS04, Na2S04, or NaQ Likewise calcium is 2 -valent 
because one atom of it replaces two hydrogen atoms, as m Ca(HS04)2, CaS04, 
or CaQj You may look on water as a molecule of oxygen m which one atom 
is replaced by two hydrogen atoms Thus oxygen is 2 -valent It comes to the 
same thing to say that oxygen is divalent, because one atom of oxygen c ann ot 
combme with more than two atoms of hydrogen, as m water Similarly you 
may say that carbon is 4 -valent or quadri-valent, because one atom of carbon 
cannot combine with more than four atoms of hydrogen as m methane (CH4) 

1 he valencies of many elements, as defined m this way, exhibit a consistent 
system of behaviour Thus one atom of oxygen will combme with two atoms 
ol an clement like sodium as m the oxide NajO, or one atom of calaum as m 
qmckhmc CaO Many elements form two types of compounds m one of which 
the valency is «, and m the other n—S Thus chlorme forms a hydnde HQ 
and an oxide Q^O, In the first it is umvalent, m the second 7 -valent 

Although there are many excepuons to this simple rule m the behaviour 
ol mmeral compounds, it is a safe rule to follow m de alin g with the compounds 
ol carbon Withm those limits we may say that any radicle has a defimte 
valency, and any element which can replace a radicle or a group of radicles 
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behaves as if it also had a fixed valency One atom of the 4-valent element 
carbon can combine with two atoms of oxygen each of which is equivalent 
to two atoms of hydrogen, as m COg If it combmcs with less, as m CO, the 
resultmg compound is capable of taking on more oxygen^ as when carbon 
monoxide bums m air to form COg Thus we may pictonally represent the 
difference between the two oxides as 

(a) 0=C=0 Q>) ?=C=0 

(carbon diomde) (carbon monoxide) 

The question mark represents an invitation to take on more oxygen Simi- 
larly, we may represent methane (CHJ and ethylene (CgH^) pictonally 
thus 

H H H 

(a) H— C— H (&) H— ^C— H 


The question mark mdicates that when ethylene reacts with chlorme it 
simply adds on more atoms to its molecule, formmg the addition compound 
C 2 H 4 Q 2 , whereas when methane reacts it can only do so by replacmg one 
or more hydrogen atoms to form substitution compoimds hke chloroform 
(CHag) 

This pictorial device is of very great frmtfiilness for vanous reasons One 
IS that the number of atoms m a simple compound may tell us at once whether 
It forms compounds by addition or substitution A second is that if we can 
spot one radicle by the general properties of a compound, there may be only 
one possible arrangement of the remaining atoms — thus mdicatmg the nature 
of the remaining radicles — or at least a comparauvcly small number of possible 
arrangements to explore A third depends on a curious feature which we 
encounter when we classify orgamc compounds 
Carbon compounds may be grouped m various classes distmgmshed by a 
common radicle, such as the radicle COOH of the orgamc acids Inside these 
groups the members form an ascendmg series of mcreasmg molecular weight 
illustrated by two fatty aads already mentioned Formic acid is the simplest 
member of a senes of which the second is acetic acid The difference between 
the two formulae H COOH and CH 3 COOH is that the second has one 
carbon and two hydrogen atoms (CHg) more than the first Propionic acid 
(CgHjCOOH) differs from acetic m the same way Butync acid (C 3 H 7 COOH), 
found m ranad butter, differs from propiomc acid m the same way When 
these aads are arranged m senal order from the lowest (with least molecular 
weight) to the highest, we find a contmuous gradation m their physical pro- 
pernes Thus the boilmg pomts run as follows 

Fonnic aad 
Acetic acid 
Propiomc acid 

Butync acid 1 


. lOFC 
118° C 
141° C 

155° C 
IbJ°C 



5 o 6 Science for the Citizen 

You will notice at the foot of the hst two butync aads There are, in fact, 
two substances with the same fonnula C3H7COOH and with similar 
chemical properties in so far as they are both acids and both form salts 
containmg the radicle COO In other respects their chemical properties 
like their physical properties (melting and boilmg pomts, specific gravity in 
the hquid state, etc ) are not quite identical The existence of two butync 
acids is m accordance with the prmciple of valency which shows us that the 
monovalent radicle CjH^ can be represented in two ways thus 


H 

1 

H 

1 

1 

H—C— H 

1 

1 

H— C— H 

1 

H-*C— H 

1 

H— C— (COOH) 

j 

H— C— H 

1 

1 

H— C— H 

1 

(COOH) 

1 

H 


On the other hand the radicle of propiomc aad can only be repre- 

sented in one way correspondmg to the existence of only one known com- 
pound of the formula CgH^COOH. 



Carbon compounds can thus be grouped in two ways First, we can divide 
them and subdivide them into groups with common properties which depend 
on the possession of the same radicle Second, we can arrange the members 
of each class m a “senes” m which the complexity of the molectile mcreases 
in regular steps by the addition of one carl^n and two hydrogen atoms or, 
if you prefer to put it that way, the replacement of one hydrogen atom by the 
univalent radicle CH3 We can thus look on every senes as startmg from 
the hydrogen molecule (H2) by replacement of a hydrogen atom m this way 


Saturated Fatty 
H vdrocarbons 

1 H CH3 or (CH^) 

(methane) 

2 CH3 rH3 or (C,He) 

(ethane) 

(propane) 

(the butanes) 


Saturated Fatty 
Monohydrtc Alcohols 
H OH or (H^O) 
(water) 

CH3 OH 
(methyl alcohol) 

C2H5 OH 
(ethyl alcohol) 

C3H7 OH 
(propyl alcohol) 


Saturated Fatty 
Monobasic Aads 
HCOOH 

(formic aad) 

CH3 COOH 
(aceuc acid) 

CjjHg COOH 
(propionic acid) 

C3H, COOH 
(butync acid) 


In all such senes the physical properties of the members show a consistent 
gradation Thus the lowest members of the “hydrocarbon” senes begmiung 
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with methane are gases at room temperature The compounds and 

C6H14, fonnmg the fraction of American petroleum called petrol ether, 
and the compounds and of wtuch the gasoline of American 

petroleum is a mixture, are hquids boilmg just above room temperature, 
and hence highly volatile The remaining hquid fracuons of American 
petroleum naphtha CgH^g), benzoUne (CgHjg and CyHgo), 

and kerosene (C1QH22 to Q6H34) are less volatile The higher 
members of the same series are vaselines and waxes The crude paraffin 
wax of shale is a mixture of substances with formulae ranging from QgHgg 
to C43Hgg 

The techmeal names for the substances set forth m the last table suggest 
their mode of preparauon and not their position in the senes Thus methyl 
alcohol is derived from methane by boihng methyl chloride with can sac 
potash Butyric acid is derived from butyl alcohol just as acetic acid is 
derived from effiyl alcohol, by treatment with an oxidizing agent, 1 e some- 
thing, like potassium permanganate, which readily gives up oxygen or takes 
up hydrogen Smee every series goes up m steps of one carbon and two 
hydrogen atoms, we can represent any class of compounds with common 
properties depending on the presence of a paracular radicle by a general 
formula C„H2n^-i R or more briefly X R where X is the alkyl radicle, 
CnH2n+ 15 and R is the radicle characterisnc of the group, e g CH^ in the 
“saturated fatty hydrocarbons,” COOH m the saturated monobasic fatty 
acids, and OH in the simple alcohols, like ethyl alcohol (C2H5OH) or “spiiits 
of wmc,” which with a small percentage of impuriUes is the same as the 
familiar “methylated spirits,” and methyl alcohol (CH3OH), the spirit 
distilled from heating sawdust, wood pulp, and other wood residues 

The classificauon of carbon compounds is a big task to face Since 
lazmess is the mother of ingenuity, you will need a good reason before pro- 
ceeding with It So before we contmue let us be perfectly clear about the 
social meanmg of what we are doing Till the commg of the coal economy 
man had depended for the essenaals of civilized hfe on a variety of substances 
produced by animals and plants which (like the silkworm or the madder 
plant) grew only m one place Because carbon compounds are all built up 
from a very small number of elements, we are no longer dependent on hmited 
supplies available m restricted areas We now know how their molecules 
are put together The social art of finding universal subsUtutes for local 
orgamc products mvolves the discovery of two classes of general rules which 
make up the essendals of orgamc chemistry The first are the rules of con- 
sutuuon which allow us to detect which radicles are present in a carbon 
compound by the kmd of chemical behaviour it exhibits The second are the 
rules of synthesis which allow us to replace one radicle by another By using 
them we can make a substance when we know what its consatuaon is 

RULES OF CONSTITUTION 

The most important rules of consatuaon are embodied m the following 
brief survey of the prmapal classes of simpler carbon compounds Some of 
them, like esters, fatty aads or alcohols, occur commonly m hvmg orgamsms 
Some of them, like ffie hydrocarbons, are simple dismtegraaon products of 
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organic matter Some of them occur very httle in nature but are easily derived 
from natural products by simple laboratory reactions, and are of immense 
importance as reagents to assist m replacmg one radicle by another For 
instance, the “alkyl hahdes”* like CH3I are extremely rare m orgamc matter 
The same is true of the alkyl cyamdes like CH3CN These substances are 
easily made from hydrocarbons, as we have seen already, and once made 
they allow us to build from any hydrocarbon (C„H2n+2) an alcohol 
(CnHjn+i OH) or an acid (C„H2n+i COOH) according to the simple 
recipe 


Hydrocarbon 
CnH2n+l H 


-r iiouu^ 

CnH2n+ 1 I 



CnHin+1 OH 
Alcohol 



CnHin+l CN 
Alkyl cyamde 


Fatty Acid 
Cn-lHsn-l COOH 


Fatty Acid 
CnH2«+i . COOH 


The principal classes of simple carbon compounds may now be set out 
under the foUowmg headings 

(1) The Hydrocarbons —These contain only carbon and hydrogen and fall 
into two mam classes the fatty, and the aromauc, hydrocarbons, represented 
respectively by the senes 

(а) Fatty or marsh gas series CH4 (methane), CgH^ (ethane), CgHg 
(propane), etc The higher members are the various volatile spirits, lUu- 
mmants, vasclmes, and waxes, of American petroleum and shale 
distillate 

(б) Aromatic or coal tar senes C^H^ (benxenc), C7H3 (toluene), 
CgHjo (xylene) — all present m the hght oil of coal tar The next member 
is mesitylene C^H^j 

There is an important difference between these two senes Unless we take 
the extreme course of bummg it away, the molecule of an aromatic com- 
pound always sticks to six of its carbon atoms m any changes it undergoes 
In consequence the molecule of an aromatic compound (1 c a compoimd 
in which one or more hydrogen atoms of an aromanc hydrocarbon are re- 
placed by a radicle) is represented pictonally as havmg a central hexagon 

* Fluorine, chlorine, bromine, and lodmc are called the ‘^halogen” elements, and 
their derivatives may be referred to coUectively as “hahdes '* 
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of carbon atoms * Each of the six has one useful valency, as the following 
formulae for benzene and toluene mdicate 


H 

i 

H— C C— H 

II I 
II 1 

H— C C— H 

C 

I 

H 

(a) Benzene 

With a stable nucleus of six carbon atoms there is only one substance 
(benzene) correspondmg to the formula and one substance (toluene) 
with the formula of C^Hg On the other hand, there are four substances corre- 
spondmg to the formula CgH|o Three of these (the xylenes) are very similar 
m behaviour and mode of formation, with boilmg pomts between 137® and 
140° C The other (ethyl benzene), with a boilmg pomt 134° C , is made in 
a different way The xylenes all have the methyl group (CHg) because they 
can be made by reaction between toluene and methyl iodide (CH3I) Ethyl 
benzene can be made by reaction of benzene with ethyl iodide (CgH^I) 

This illustrates once agam the fruitfulness of the pictonal or valency 
formula While it only allows for the existence of one benzene, or of one 
toluene, the valency formula gives us four possibihties for a substance with 
six stable carbon atoms m the molecule CgHio Thus the ethyl radicle C 2 H 5 
may replace one of six equivalent hydrogen atoms giving 


H 

I 

c 

H— C C— H 


H-C C-(cH3j 
C 


H 

{b) Toluene 


Ethyl benzene 

Alternatively two methyl radicles (CH3) might replace two hydrogen atoms 
giving three arrangements (see also p 531) accordmg as the hydrogen atoms 
replaced are attached to (a) adjacent carbon atoms of the nucleus or to carbon 
atoms separated by (b) one or (c) two other carbon atoms, thus 



(a) (?-xyIcne {b) w-xylenc (c) />-xylene 


* In the structural formulae of aromatic compounds it is usual to symbolize the 
benzene nng (or what is left of it) by a simple hexagon This represents the six carbon 
atoms and such of the six hydrogen atoms as have not been replaced (as one has in 
ethyl benzene) by some radide 
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Besides these two basic senes which fom denvauve compounds by re- 
placement or substituuon of a hydrogen atom by a radicle, there are other 
series of “unsaturated” hydrocarbons Such are the ethylene (CnH2n) senes 
ethylene C2H4, propylene CgHg, etc , and the senes CnH2n-2, of which the 
first member acetylene (C2H J is formed, as wc all know, by the spontaneous 
decornposmon of calcium carbide in the presence of water. The pecuharity 
of these unsaturaied hydrocarbons has been mentioned They form addition 
compounds with the halogens (chlonne, bromme, and iodine) as if the 
four valencies of their carbon atoms were not satisfied Hydrocarbons of the 
ethylene scries are obtamed by heatmg alkyl hahdes with alcoholic solutions 
of caustic potash, e g CgH^I gives CgH^, C3H7I gives C4Hg (butylene) 

( 2 ) The Alcohols and Phenols —The alcohols are substances in which the 
“hydroxyl” radicle OH present m caustic alkahs replaces one or more hydro- 
gen atoms m a hydrocarbon Among aromatic hydrocarbons this may happen 
in two ways From benzene (Fig 2Cr)) itself we can make only the substance 
called carbolic acid or phenol (CgH^OH) found in the middle oil fraction of 
coal tar, thus 



From toluene (C^H or any higher hydrocarbons of the same series, there 
are two general alternatives which correspond to two different classes of 
aromatic compounds Thus there are four compounds havmg the formula 
C7H7OII, of which three (a, 6, c) arise by replacement of a hydrogen atom in 
the “nucleus,” and one {d) arises from replacement m the “side cham ” 

TOLUENE 

AcHa 


1 

CH3 

1 

CH. 

1 

CH. 

1 

r OH 

1 

^ ,011 

A 

1 

'^CHjOH 

\ J 


V 

{a) o-crcsol 

{b} w-crcsol 

OH 

p-crcsol 

(d) Benz>J alcohol 

When a hydrogen atom of the 

“side cham” 

IS replaced by an OH group the 


resulting compound is more like a typical alcohol of the fatty series The 
product of ''nuclear'' subsutution is called a “phenol” and has somewhat 
different properaes, to which wc shall refer later 
Corresponding to the saturated fatty hydrocarbons, hkc methane, we have 
a senes of alcohols with one OH group already mentioned To this methyl 
alcohol and ethyl alcohol — the alcohol of our happiest and most hallowed 
associaaons — belong The fifth member of the senes, counung methyl alcohol 
as the first, is amyl alcohol (C5H44 OH) which for reasons already mdicated 
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has eight closely alhed forms havmg different physical properties They also 
differ chemically m a way which will be mentioned later The highest mem- 
bers (like cetyl alcohol CjgHgg . OH) are waxy substances Corresponding to 
ethyl alcohol there is a dihydnc alcohol C2H4(OH)2 called glycol, and corre- 
spondmg to propyl alcohol (C3H7 OH) a ^nhydric alcohol C3H5(OH)3 which 
IS glycerme Correspondmg to the hydrocarbon CqHi 4 of gasolme, there are 
various 6-hydnc alcohols C^Hg (OH)g> differmg accordmg to the internal 
arrangement of the hydrocarbon portion of the molecule All the alcohols 
are non-electrolytes They can be formed from correspondmg alkyl halides 
by boilmg with caustic potash The former can themselves be formed from 
alcohols by boilmg them with the halogens (chlorme, bromme, or lodme) in 
the presence of red phosphorus On account of the OH group they resemble 
mineral alkahs m combimng with acids to form salts called esters In esters 
the “alkyl” radicle X, le (C^^H^n+i) of the general formula X (OH) re- 
places the hydrogen of the acid as does the metal of an alkali This does 
not take place quickly as with reactions of electrolytes It proceeds slowly 
after prolonged boilmg, the products bemg separable by distillation Esters 
differ from mmeral salts m bemg non-electrolytes like the alcohols The nitrate 
of glycerme C3H3(N03)3 called mtroglycerme is highly explosive Djmaimte 
is a mixture of mtroglycerme and a porous natural earth c^ed kieselguhr 

( 3 ) Organic Acids — ^The orgamc acids all contam the “carboxyl” radicle 
COOH The most important series (p 506 ) of which the first member is 
formic acid (H COOH), corresponds to saturated fatty hydrocarbons in 
which one methyl group (CHg) is replaced by COOH In another series 
one hydrogen atom is also replaced by COOH The first is oxalic acid 
(COOH . COOH), a highly poisonous acid with a very msoluble calcium 
salt Crystals of the latter irntate the bladder in the “oxaluria” resultmg 
from eatmg too much rhubarb or frmts which contain oxalic acid Ihe 
next member, malonic acidy COOH CHg COOH, has the same relation to 
acetic as has oxalic to formic acid It is of very great importance in synthesis, 
especially m the preparation of the large class of soporific drugs called the 
“barbituric” derivatives 

Another series is that of the “hydroxy” aads m which one hydrogen atom 
of the molecule is replaced by an OH radicle Carbomc acid may be regarded 
as the first The second member is called glycollic (hydroxy-acetic) acid 
(CHg OH COOH) and the third is hydracrylic acid (CHgOH CHgCOOH) 
Hydracryhc acid is one of two hydroxy-propiomc acids The other, called 
lactic acid (CH3 CH(OH) COOH), is the fatigue substance formed m 
our muscles dunng exerase More complex familiar fatty acids mclude 
tartaric acid (of grape jmce and sherbet), which is a dihydroxy denvative of 
the third member of the oxahc series, 1 e C2H2(OH)2(COOH)2 (dihydroxy 
succimc acid or dihydroxy-carboxy-propiomc acid) The various aromatic 
acids m which one or more (COOH) radicles replace one or more hydrogen 
atoms of the nucleus or side cham of an aromatic hydrocarbon or phenol will 
be touched on later 

( 4 ) Esters — The structure of an ester has been explamed already This 
class mcludes the common flavourmg essences of fruit juices. Many of 
them are compounds formed from simple fatty aads of the acetic senes and 
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hiG 259 — Synthlses of Paraffin DERivAxivts from Methane, the Principle 
Hydrocarbon of Coal Gas 


hve 
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Simple alcohols of the ethyl senes For mstance, pear drop essence is amyl 
acetate (CH3COO . C5H11), now a famihar substance because of its use as a 
solvent for cellulose pamts. The common animal and plant fats like palmitm 
or stearm are esters of the alcohol glycerme and one of the higher members 
of the aceac senes such as palmitic aad CisHgi COOH and steanc acid 
C17H35 COOH Ohve oil is the glyceride (olem) of an unsaturated acid oleic 
acid C17H33 COOH Soaps are the sodium (hard)* or potassium (soft) salts 
of the same acids and are obtamcd by the general method for sphttmg off 
an alcohol from an ester — boilmg an ester such as ohve oil (mosdy olem) 
or lard (a mixture of olem, palmitm, and stearm) or palm oil (mostly palmitm) 
with alkah Glycerme is, therefore, a by-product of soap manufacmre. 

Most naturd fats are mixtures. An essential constituent of butter fat and 
coconut oil is a very simple fat, the glycendc of butync acid C3H7 COOH. 
Smce glycerme has three (OH) groups, even a simple glyceride like butyrm 
of butter fat has a large molecule (M W 302) represented by 

C3H7 COOv 

C3H7 COO^CgHfi 

C3H7 COO^ 

Among the simple essences, rum flavour is ethyl formate (1 e the ester of 
ordmary or ethyl alcohol and formic acid), and pmeapple flavour is ethyl buty- 
rate Lmseed oil of pamt is a mixture of glycerides of two unsaturated aads 
(C17H31 COOH and C17H29 COOH) Bees-wax is the ester which palmitic 
acid forms with a very high member of the ethyl alcohol series called myricyl 
alcohol (CgoHgi OH) On boilmg with mmeral acids esters break up mto 
orgamc aad and alcohol 

(5) Ethers — The ethers are a class of compounds related to an alcohol 
m much the same way as a metalhc oxide is related to a metalhc hydroxide 
(e g NagO and NaOH) That is to say if XOH is an alcohol, XgO is the 
correspondmg ether Thus the ether correspondmg to ethyl alcohol 
(C2H5OH) is (C2H5)20 This IS the anaesthetic ethyl ether, called ether for 
short as e^yl alcohol is called alcohol for short The resemblance to a metalhc 
oxide ends here, for ethers do not umte with acids to form esters, and they 
are generally very mert substances They can be made by distiUmg an alcohol 
with strong sulphuric aad, or by treating an alkyl hahde with sodium eth- 
oxide (1 e a reagent prepared by dissolvmg sodium m pure alcohol) 

(6) Aldehydes and Ketones — Two important classes of carbon compounds 
are the aldehydes and ketones The aldehydes (of which formalm or formalde- 
hyde, the antiseptic and preservative, now used m makmg synthetic resms, is 
an example) have the general formula X , CHO Ketones (of which acetone 
used as a cellulose acetate solvent and produced by dry distillation of wood 
residues is an example) have the general formula X^ CO Xe> The two 
classes have very snmlar properties and are formed by similar methods of 
preparation They both form “addition” compounds with sodium hydrogen 
sulphite (NaHSOg) They arc both “reduced” to an alcohol when treated 

* Modem hard soaps may contam up to 40 per cent rcsm and other substances, 
e g sodium sUicate, to give bulk 
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With a reagent which hberatcs hydrogen, as docs sodium mercury amalgam, 
1 e sodium dissolved m mercury Substances which do so are called reducing 
reagents, because they reduce the proportion of oxygen m the molecule of 
an orgamc compound Conversely, substances which easily give up oxygen 
which may combme with one or more atoms of hydrogen in the molecule 
of an orgamc compound, and therefore mcrease the proportion of oxygen in 
It, are c^ed oxidi^g agents When aldehydes and ketones are heated with 
powerful oxidizmg agents like potassium permanganate they are converted, 
like alcohols, mto orgamc aads 

Conversely, aldehydes and ketones can be made by heating alcohols with 
mild oxidizmg agents which do not break down alcohols mto orgamc acids 
Such a mild oxidizing agent is a mixture of sulphuric acid and ±e salt potas- 
sium dichromate Which class is aaually formed depends on the structure 
of the alkyl (X) radicle of the alcohol According to the valency principle 
there are two pictonal formulae for propyl alcohol (C3H7OII), just as there 
are two piaorial formulae correspondmg to two slightly different butyric 
acids (C3H7 COOH) Heatmg either of them with a powerful oxidizmg 
agent results m the formation of propiomc acid (CgH^ COOH) with two 
less hydrogen atoms and one more oxygen atom per molecule The chief 
difference between them is that mild oxidizing agents convert them mto 
totally different compounds, one an aldehyde, the other a ketone One of the 
propyl alcohols (called the primary) is ethyl methyl alcohol (C2H5 CH2 OH) 
1 hat is to say, it is methyl alcohol m which one hydrogen atom is replaced 
by the ethyl radicle, thus 

. H 

QHc— i— OH 

I 

H 

The other {secondary or iso-propyl) is dimethyl methyl alcohol 

(ch3)2CH oh 

1 e methyl alcohol in which each of two hydrogen atoms is replaced by a 
methyl radicle (CH3) 

CH3^ /H 
CHs^ '\OH 

The behaviour of the propyl alcohols illustrates a general rule Mild 
oxidizmg agents convert pnmary propyl alcohol CgH^CHg OH mto 
propionic aldehyde CgH^CHO which, like the alcohol itself, can be oxidized m 
Its turn to make propiomc aad C2H5 COOH This* shows you why we call 
It propiomc (not ethyhc) acid A primary alcohol which can be represented 
by X CHgOH when boiled with a mild oxidizmg agent is converted by 
removal of two hydrogen atoms mto an aldehyde X CHO Thus methyl 
alcohol which may be represented as H CH2OH is converted mto formalde- 
hyde H CHO, which is converted by a strong oxidizmg agent, like potassium 
permanganate, to formic aad H . COOH Secondary propyl alcohol 
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Tins cannot be done at one step 


TAT COOC3H7 1 -x)YKA'NflTt-" 
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Pigs 261, 2b2, and 263 

l:)oine syntiicses which may be effected from the three prmapal products of the dry 
disullauon of wood pulp methyl alcohol (wood spirit), aceuc acid, and acetone 
Note that the latter can be made the starting point for the same class of compound) 
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[(CH3)2CH0H] is converted by mild oxidation into acetone (CH3)^CO, 
better written CH3 CO CH3 A secondary alcohol can be represented by the 
general formula XY CH OH and oxidizes to a ketone XY CO by removal 
of two hydrogen atoms 

Acetone is a substance with mterestmg social possibilities It gives us a 
link between an urban economy based on coal and a rural economy m which 
saence is used to the full Acetone along with methyl alcohol and acetic acid 
IS one of the three major products formed by dry distillation of cellulose, 
e g when wood pulp is heated or weeds are burned m a slow fire On distilhng 
It with sulphunc acid^three molecules condense to form mesitylene or trimethyl 
benzene (C^Hig), and thus give us the aromatic nucleus of six carbon atoms 
in the coal tar constituents In Figs 261-3 vanous syntheses from methyl 
alcohol, acetic acid, and acetone illustrate why we have outlived the necessity 
of coal 

Further oxidation of acetone (CH3 CO CH3) yields acetic acid 
CH3COOH, m which the OH radicle replaces one methyl CH3 group This 
shows you why we wnte the carboxyl radicle COOH and not CO^H Com- 
plete oxidation of a secondary alcohol thus yields a lower acid than the one 
derived from the primary alcohol of the same general formula Aside from 
the method of preparation used for making both ketones and aldehydes, 
one speaal method is generally apphcable for each class Aldehydes can be 
made by cookmg dry calcium formate (H , COO)2Ca with the calcium salt 
(X COO)2Ca of a fatty aad This gives the aldehyde X CHO Thus 
acetaldehyde (CH3 CHO) corresponding to ethyl alcohol is formed by 
cookmg calaum acetate (CHg COO)2Ca and calaum formate together 
Ketones XgCO are formed by simply cookmg the calcium salt (X COO)2Ca 
of an orgamc acid by itself Thus calcium acetate (CH3 COO)2Ca gives 
acetone (CH3)2CO The oxidation of alcohols with more than one (OH) 
group gives nse to a mixture of substances dependmg on whether a strong 
or weak oxidizing agent is used The foUowmg table shows how the “dibasic*’ 
acids (like oxahe) and the hydroxy aads (like lactic) are related to a dihydroxy 
alcohol 

Just as we can make an aldehyde or ketone by oxidizmg an alcohol we can 
make an alcohol by reducing an aldehyde or ketone, 1 e by treating it with 
a reduemg agent that mtroduces hydrogen mto the molecule or removes 
oxygen from it The reduemg agent usually used is an amalgam of sodium 
and mercury m water This converts a CHO radicle to CH^OH and the CO 
radicle to CH OH Thus on reduction of acetaldehyde we get ethyl alcohol 

CH3 CHO^CHgCHgOH 

or on reduction of formaldehyde we get methyl alcohol 

H CHO^H CH2OH 

On reducuon of acetone we get secondary propyl alcohol, 

(CH 3 )aCO -> (CH3)2 CHOH 
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Some relations between the saturated fatty hydrocarbons, simple fatty 
alcohols, aldehydes, ketones, and simple fatty acids are shown in the 
foUowmg table 

MONOHYDRIC ALCOHOLS AND MONOBASIC ACIDS 


CH4 

Methane 

CHgOHCH CH^ OH) 

Methyl Alcohol 

H CHO 
Formaldehyde 

H COOH 
Formic Acid 

C2H5 

Lthanc 

CgH^OHCCHg CHo OH) 

Ethyl Alcohol 

CH3 CHO 
Acetaldehyde 

CH, COOH 
Acetic Acid 

CjHg 

C^H.OH (C2H., CHg OH) 
Primary Propyl Alcohol 

C^H^ CHO 
Propionic aldehyde 

C2H5 COOH 
Propiomc Acid 

Propane 

(CH3)2CH OH 

Secondary Propyl Alcohol 

(CH^), CO 

Acetone 


C4II10 

Butane 

Two primary butyl alcohols, 
C4H9OH -- 

C2H5 CHg CHg OH and 
(CH 3)2 ^^2 OH 

Secondary butyl alcohol 
(C2H5)(CH3) CHOH 

Tertiary butyl alcohol 
(CH^s LOH 

Two aldehydes 

c 2H5 CR2 
(CH3)2 CH CHO 

One Ketone 

C3H7 COOH 

Two acids 
(butyric) 

Pentane 

Eight Amyl Alcohols 


C4H<, COOH 

4 valeric acids 


The simplest sugars hke glucose or galactose having the general formula 
Cp^HigOg are aldehydes or ketones of the 6-hydric alcohols [C6H8(OH)6] m 
which (a) one CH 2 OH group is replaced by a CHO (aldehyde) radicle, or 
(b) one CHOH group is replaced by a CO (keto) group Either means ehmi- 
natmg two hydrogen atoms We might therefore call them alcohohe ketones 
or aldehydes The commoner sugars, cane sugar, milk sugar, and malt sugar, 
are formed by the umon of two molecules of a simple sugar with the elmuna- 
tion of a molecule of water (2 CgHjgOg = 012^22^11 + HgO) When more 
than two simple sugars umte we get more complex carbohydrates like the 
dextrm of nee paper, starch (which yields first dextrin, then malt sugar on 
digestion with sahva and can be converted into dextrm by heat m the process 
of iromng starched collars) and cellulose, the last bemg the most complex 
The cellulose molecule and that of all the natural carbohydrates except the 
simple sugars is built up from simple sugar molecules Many orgamsms can 
break down cellulose to sugar, as we break down the starch of our food m 
digestion Since garden weeds, sawdust, and textbooks of economics are mainly 
made up of sugar molecules, importmg cane sugar from Java and subsidiz- 
ing a beet mdustry m England are both illustrations of the absence of 
a chemically enhghtened imagmation at work in pohtics On account of its 
(OH) groups cellulose forms esters with certam aads Such are the cellulose 

R* 
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nitrates, a senes of substances which include collodion and gun-cotton, and 
cellulose acetate which is prepared in one of the artificial silk processes 
Blasting powder is a mixture of gun-cotton and tnmtroglycenne Cordite is 
a mixture of gun-cotton and a coal tar derivative, trmitrotoluene 

All the classes we have touched on so far occur commonly in nature or as 
objeas of domesuc use Those on which we shall now touch are mostly 
laboratory products which are important as steps in the replacement of one 
radicle by another 1 wo of these have been menuoned — the alkyl hahdes, 
(like methyl iodide) and the alkyl cyamdes (like methyl cyamde) The alkyl 
halides and cyamdes are two of many classes of halogen and “cyanogen” 
denvauves of organic compounds for mstance, the aad chlorides 
(X CO Cl), the chloracids in which a halogen replaces hydrogen m the X 
radicle or alkyl part of the acid, e g CHgCl COOH (monochloracetic aad), 
and the chlorhydnns, c g CH2Q(OH) 

1 Ik acid chlorides^ e g acetyl chloride used as a cellulose solvent are formed 
by reaction of a dry acid with* a reagent called phosphorus trichloride Thus 
acetic acid (CH3COOH) gives acetyl chlonde CH3 CO Cl This is one 
reason why wc write the formula of an orgamc aad X COOH and not 
X CO ^11 With the sodium salt of an organic acid, an acid chlonde reacts to 
produce an acid anhydride, eg acetic anhydride (CH3C0)20 Acetic 
anh> dnde has the same relation to acetic acid as CO2 has to carbomc acid 
Organic acids react with chlorine to form a mixture of chloracids^ )ust as 
hydrocarbons (p r^O \) react with chloiine to form alkyl hahdes The chlorine 
atom ol culler an acid chloride or a chlor-acid can be replaced by the ammo 
radicle NH^ when these compounds are treated with ammoma Chlor-acids 
then give rise to aimnoactdsy e g mou-ammoacctic acid CH2NH2COOH, 
which are weak electrolytes Ammo-acids are bricks of the protem molecule 
(which breaks up into them as the result of digestion) )ust as simple sugars 
arc the bricks of the cellulose or starch molecule Most protems yield some 
ammo-acids which also contaman SH or S — S radicle The action of chlonne 
m solution on the presence of a copper compound, which aas as a catalyst, 
converts hydrocarlxins of the ethylene (C2H4) series into substances called 
chlorhydnns such as CHg Cl CH^OH With potassium cyamde these 
react to form c>aahydnns such as CH^ CN CH,OH The CN radicle 
can be converted into the COOH radicle on hydrolysis, 1 e boilmg with 
water So this is one way of synthesizmg the h>droxy aads like hydra-cry he 
acid (CHPH CH2COOH) 

Other very important classes of reagents in addition to these are the 
metallo-orgamc compounds and a series of nitrogen denvauves the amides, 
isocyamdcs, nitro-h>drocarbons and ammes 
(1) The Metallo-Organic Compounds — Zme dust and magnesium powder 
are dissolved by alk>l hahdes (which are hquid) to form substances such as 
zinc methyl, represented by the formula Zn(CH3)2 or magnesium methiodide 
Mg(CH3)I These compounds are highly unstable ones They decompose m 
water givmg off hydrocarbons accordmg to the general reacuon 

2 HjO T Zn (X)2 2XH + Zn (OH), 

2 H ,0 T Mg XI XH I Mg (OH)I + 11,0 
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(2) Amides — One of the prmapal reasons why we represent the carboxyl 
radicle as COOH is that organic aads give nse to a class of crystalline com- 
pounds called amides In amides the COOH group is replaced by the com- 
plex radicle CONH 2 1 hey can generally be formed by heatmg the ammomum 
salt of the acid Thus heatmg ammomum acetate (CHg COO NH4) leads 
to ehmmauon of a molecule of water givmg acetamide This substance has 
the smell of mice Its constitution is CHg CO NHg The amides can also 
be made by treatmg an aad chlonde with ammoma (e g CHg CO Cl 
becomes CHg CO NHg) 

The formation of an anude m this way remmds us that we can regard 
them as substances formed by substitutmg the acid radicle X CO of 
an acid chlonde for a hydrogen atom m ammoma (NHg) Ammoma combines 
with aads to form salts, and amides do so as well Urea NH 2 CO NHg 
may be regarded as an amide formed by replacement of both OH groups 
in carbomc acid (HgCOj) if we represent the latter as HO CO OH Urea 
combines with various dibasic orgamc aads to form a series of very im- 
portant compounds called ureides Thus it combines with malomc acid 
(COOH CHg COOH) to form malonyl ureide or “barbitunc aad” 

yCOOH NH>. /CO— NHx 

CHo< + “ >CO - CKoC >CO + 2H,0 

■\C00H Nh/ \cO-NH/^ 

The important hypnotics and anaesthetics called veronal, medinal, evipan, 
etc , are barbituric derivatives Alloxan, a ureide of great importance 
corresponding to a hypothetical “mesoxalic” acid COOH CO COOH, 
occurs as an excretory product, which is represented by the formula 
CO (C0NH)2 CO This forms a second ureide which is uric aad 



The drug caffeme in tea ana coffee is a tnmethyl derivative of xanthme, a 
reduaion product of uric acid 

(3) The Amines —By boihng an alcohol with a solution of potassium 
mtnte (KNOg) we can get an alkyl mtnte By heatmg its halogen denvative 
with dry potassium cyamde, we can make an alkyl cyamde With the silver 
salts of mxious acid (silver nitrite or Ag NOg) and prussic acid (silver cyamde, 
Ag CN) they form pecuhar compounds which have the same molecular weight 
and percentage composition as the alkyl mtrites or cyamdes but totally differ- 
ent propemes These classes are respectively called mtro-hydrocarbons and 
isocyamdes The action of fine bubbles of hydrogen from tm and hydro- 
chloric acid or prolonged boilmg with caustic potash converts an alkyl 
mtnte mto the correspondmg alcohol Thus methyl mtnte formed by the 
action of mtrous acid on methyl alcohol yields methyl alcohol and mtrous 
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acid Nitro-methane, which has the same formula (CH3NO2) as methyl 
nitrite, is not decomposed by boihng with caustic potash An alkyl cyamde 
yields an organic acid when it is boiled with a dilute nuneral acid 
An alkyl isocyamde when boiled with dilute acid yields a compound 
called an amine So does a mtro-hydrocarbon when treated with tm and 
hydrochloric acid 

The amines like methylamme CH3NH2 may be regarded either as hydro- 
carbons with one or more NHg radicles m place of one or more hydrogen 
atoms, or alternatively as ammoma derivatives m which one or more hydro- 
carbon (alkyl) radicles replace one or more hydrogen atoms Simple ammes 
of the general formula like methylamme CH3(NH2) are formed 

(a) by prolonged boihng of an isocyamde (XNC) with hydrochloric acid, (b) 
“reduction” of a nitro hydrocarbon (XNOg) with fine bubbles of hydrogen 
from tin and hydrochloric acid, (c) action of bromine and causae soda together 
on an amide (X CO NHg) The reducaon of a cyamde (XCN) by sodium 
amalgam and water also gives an amine (X CHgNHg) , but the amine formed 
is the next higher up in ±e series 

Ihe amines are substances which generally have a fishy odour They 
combine with water, forming hydroxides analogous to ammoma (e g 
CH, NH3 OH from CH3 NHJ, and these hydroxides, unlike alcohols, 
are electrolytes, formmg (as do the ammes alone) salts like ammomum salts 
generally soluble in water The salts formed by combmation of an amme (or 
Its hydroxide) and chloroplatimc acid, like the corresponding salts of sodium 
or ammonium, are insoluble in water Al±ough otherwise very stable ammes 
are easily changed into the torrespondmg alcohols (X OH) by reacaon with 
nitrous acid (HNO>) The aromaac ammes are of rw^o kmds If the NH2 
radicle replaces a hydrogen atom of the side cham the resulting compound is 
a basic compound which forms salts with acids, just as substitution of an OH 
group in the side chaip of an aromatic hydrocarbon yields a typical alcohol 
1 he presence of an NH, attached to the nucleus gives a class of compounds 
which have only feebly basic properties This is consistent with the behaviour 
ot the phenols which do not readily form esters with mmeral acids 

RULES OF SYNTHISIS 

When a chemist wants to know the make-up of the molecule of a carbon 
compound, he first determines its vapour density or its osmotic pressure m 
solution to ascertain its molecular weight He then mcmerates it in presence 
of oxygen and determmes the weight of carbon dioxide, water vapour, 
mtrogen, etc , formed from a weighed amount, to get its percentage com- 
position He thus obtains the number of atoms of each constituent element 
m the molecule To see how these are arranged he is guided by three general 
considerations 

The first is tlie prmciple of valency Suppose a compound has been found 
to have the composition mdicated by the formula CoH^Og As stated earher, 
the pictorial representation of this shows that if the valencies of all the atoms 
are fully satisfied, there are comparatively few ways m w'hich the atoms can 
be arranged Thus the arrangement may be 
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With these preliminary considerations to narrow down the field, the chemist 
next makes use of what he knows about (i) the physical properties of different 
classes of compounds, and (ii) their chemical behaviour One fact which has 
not been exphcitly stated about the physical properties of carbon compounds 
IS that the lower members of series contammg an OH radicle — standmg 
alone (c), or as part (a) of the complex radicle COOH — is that they are 
generally soluble m water Again, the lower members of series with the 
complex radicle COOX of the orgamc esters have a friuty smell This is a 
charaaeristic of methyl formate represented by the middle formula 
(H COO CH3) Acetic acid (CH3COOH) and glycoUic aldehyde 
(CH2OH CHO) are water soluble Methyl formate is not 

The chemical behaviour of C2H4O2, if an ester, is straightforward On 
prolonged boilmg with a mineral acid it will give an alcohol (methyl alcohol) 
and an acid (formic acid) On prolonged boihng with an alkah it will yield 
an alcohol and a metalhc salt (formate) If it were an orgamc acid it would 
not be decomposed by boiling with a rmneral acid It would simply form a 
metalhc salt (acetate) if boiled with an alkah It would decompose a car- 
bonate, and It would combine with ammoma to form a weak electrolyte 
converable by heatmg mto an amide The latter would yield the fishy odour 
of an amme when treated with bromme and caustic soda A substance repre- 
sented by formula (c) would not be an acid and would not decompose car- 
bonates Havmg the complex radicle CH2OH it would be easily oxidized by 
oxidizing agents like potassium permanganate to form first another aldehyde 
(glyoxal), and then an aad (oxalic acid), COOH COOH Having the 
aldehyde radicle CHO, it would react with ammoma to form a compoimd 
which would not be an electrolyte It would not yield amides on heatmg 

Suppose now that the substance represented by the formula C2H4O2 
IS also a substance which human bemgs value as a flavouring essence or per- 
fume, and that the chemist had decided that its make-up is mdicated by 
wntmg the formula as H COO CH3 which shows it to be the ester of 
methyl alcohol (CH3OH) and formic acid (H COOH) We now have 
two choices One is to look for some plant m whose jmces it occurs as a 
trace, and cultivate it Alternatively, we can make it from any convement 
source of orgamc matenal Which we decide to do will depend on the 
kmd of social economy m which we five or the kmd m which we mtend 
to hve 

If we are content with the urban congestion of the steel-coal economy 
we shall mstruct the chemist to make it out of coal This is easy when he 
knows that it is an ester of methyl alcohol (CH3OH) and formic acid Methyl 
alcohol IS methane (CH^) of coal gas with one hydrogen atom replaced 
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by the hydroxyl radicle (OH) Formic acid (H COOH) is methane in which 
the carboxyl radicle COOH replaces the alk>l (methyl) radicle CH3 
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The chemist’s problem is then (a) to replace a hydrogen atom by (OH), 
{h) to replace a methyl radicle (CH3) by COOH The general rule for {a) is 
to replace H by lodme bromme or chlorine 1 hesc elements react directly 
with hydrocarbons to form alkyl hahdes which can be converted mto die 
corresponding alcohols by boihng with caustic potash To replace a methyl 
group by COOH we have first to convert it mto CH^OH In this instance, 
this IS the same dung as making methyl alcohol itself The complex radicle 
CHgOH when acted upon by a strong oxidizing agent gives place to COOH 
So fonmc acid is obtamed by oxidation of methyl alcohol 

Alternatively we may hold that coal exacts too high a price in social comfort, 
cleanlmess, and privacy It \\e prefer green fields and forests to the cultural 
advantages of London fogs we are not compelled to embark on colomal 
war to secure some exotic plant in which traces of the required substance 
occur ready made Methyl alcohol is cne of the three major disintegration 
products when cellulose is subjected to dry heat, the others being acetic 
acid and acetone It can be obtained by dry distillation of wood pulp directly, 
and can be oxidized to formic acid in one step 1 he technical problem of 
creating an economy of human welfare with abundance of commodities 
along witli healthy and spacious condiuons of hie is therefore the problem 
of replacing one radicle by another in a carbon compound 

We shall now briefly survey the rules for bmlding up any simple carbon 
compound from any convement source, under four headings {a) reagents, 
(6) substitutions, (t) ascent and descent of senes, (d) “nucleus and side cham” 
transformations 

(a) Reagents —Reagents employed m orgamc syntheses may be classified 
accordmg to the class of reactions they bang about Four most important 
classes are {a) hydrolysis, i e sphttmg a molecule mto bricks combmed with 
the OH or H of the water molecule, (6) dehydrolysis, 1 e removing a molecule 
of water, (c) oxidation, {d) reduction 

Hydrolysis or prolonged boihng with mineral acids or alkalis with excess 
of water sphts up esters and alkyl hahdes with the formation of organic acid 
and alcohol or metalhc salt and alcohol, and also replaces the CN radicle 
by COOH (with produenon of ammoma) as in making a monobasic aad 
(X COOH) from an alkyl cyamde (XCN), a hydroxy acid [X (OH) COOH] 
from a cyanhydrm [X (OH) CN], or a dibasic acid fX (COOH)2] from a 
cyanaad [X (CN) COOH] 

Dehydrolysis with phosphorus pentoxide or phosphorus pentachloride 
converts an amide (X CO NHj) mto a cyamde (X CN + IlgO) De- 
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hydrolysis with sulphunc acid converts an alcohol into (a) an ether or (h) an 
unsaturated hydrocarbon (C2H5OH according to the 

temperature at which it is earned out 

For oxidation, potassium permanganate may be used to convert an alcohol, 
ketone or aldehyde to an acid Potassium ichromate and sulphuric aad 
together are used to convert an alcohol to a ketone or aldehyde Alcohol 
vapours passed with air over hot platimzed asbestos usually oxidize to the 
acid (methyl alcohol is only oxidized to the aldehyde by this method) Bromine 
and potash (or soda) are together used to convert an amide X CO NHg to 
an anme X . NHg 

For reduction, i e mtroduction of hydrogen mto, or removal of oxygen 
from, the molecule, vanous reagents are used {a) tm and hydrochloric acid 
together make fine bubbles of hydrogen for converting a mtro-hydrocarbon 
(XNO2) to an amme (XNHg), (h) sodium amalgam is used to convert a ketone 
or aldehyde into an alcohol, (c) zinc dust will convert an alkyl halide mto a 
higher paraffin (e g CH3I C2Hg), {d) the ‘‘zmc-copper couple’* (zinc 
dipped in copper sulphate to deposit a thin film of copper) converts an alkyl 
halide to the correspondmg paraffin (e g CH3I -> CH4) 

{b) Substitutions — The most important of the simple radicles in carbon 
compounds which occur in natural products are — OH, — COOH, — CHO, 
-CO, — O — (ether), — CONHg (anude), — NHg (amine and ammo acid) In 
addition to these are the radicles which are important as steps in the replace- 
ment of a hydrogen atom by any of the above, e g — Q or I, — NOg, — CN 
(cyamde) or — NC (isocyamde) 

The substitution of a halogen for a hydrogen atom in the formation of 
alkyl halogen substituuon products or chloracids is brought about by direct 
union of a hydrocarbon or orgamc aad with a halogen Substitution of a 
halogen for an OH group m an alcohol (e g CgHgOH -> CgH^I) is effected 
by action of the halogens in presence of red phosphorus as a catalyst An 
OH group in the compoimd radicle COOH can be replaced by Cl through 
the acuon of phosphorus trichlonde or pentachloride on an acid (eg 
CH3COOH CH3COCI) The CN radicle can always be made to replace 
a Cl atom by heatmg the halogen denvative with potassium cyamde The NC 
radicle (isocyamde) is inserted by usmg silver cyamde The OH radicle is 
introduced by replacmg a halogen atom m the hydrolysis of the halogen 
derivative (CgH^Cl CgHgOH) or substitution for the NHg group by action 
of mtrous acid Unsaturated hydrocarbons of the ethylene series combme 
with hypochlorous acid (chloiine in water) to add one OH radicle and one Cl 
atom to the molecule The COOH radicle is mtroduced by substitution for 
the CN radicle when a CN derivative is hydrolyzed The CHO group is 
mtroduced by oxidizmg a compoimd contaimng the* complex radicle 
— CHgOH, or reduemg one with the complex radicle — CHg COOH The 
CO group IS introduced by oxidizing a compound with the complex radicle 
= CHOH, or reduemg one with the complex radicle =CH COOH The 
radicle — O — of ethers or acidic anhydndes [e g (CH3C0)20] 1$ obtamed 
by treating an alcohol or aad with a strong dehyi-atmg agent The complex 
radicle — CONHg is mtroduced by heating the ammomum salt of a COOH 
denvative, or by treating an acid chlonde with ammoma The NOg ‘^mtro” 
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group of the mtro-hydrocarbons is mtroduced by heating a halogen denva- 
tive with silver nitnte By the acuon of a reducing agent (e g tin and hydro- 
chloric acid), the NH2 group can replace the CN group of a cyanide 
By hydrolysis it can replace the NO^ group of a nitro-hydrocarbon The NH2 
group can also replace a halogen atom when a halogen derivauve is heated with 
ammonia, or replace the CONH2 radicle by oxidation with bronune and 
caustic soda The complex radicle — CHgNHg replaces the cyamde radicle 
when a CN denvative is reduced with sodium m alcohohc solution These 
substitutions are summarized briefly in Fig 264 
(c) Ascent or Descent of — The substituUon of one alkyl radicle 

by another is equivalent to movmg up or down m a “series ” If 
we know how to replace the OH radicle of an alcohol or the COOH radicle 
of an orgamc aad by the radicles charactensnc of other classes of orgamc 
compounds, we can do this provided we know how to make an acid or alcohol 
higher up or lower down m the same series as any particular aad or alcohol 
To go up one step, e g from methyl to ethyl alcohol, we can make successively 
(Fig 264 ) the hahde, cyanide, and higher ammc, thus 

(I) CH3OH (methyl alcohol) to CH3I (methyl iodide) by heatmg with 

lodme in presence of red phosphorus 

(II) CH3I to CH3CN (methyl cyanide) by heaung with potassium cyamde 
(ill) CHjCN to C2H5NH2 (ethylanune) by reducDon with tm and hydro- 
chloric acid 

(iv) C2H5NH2 to CgH^OH (ethyl alcohol) by boilmg with mtrous acid 

(HNO2) 

The converse process of stepping down, illustrated by the conversion of ethyl 
alcohol into methyl alcohol, mvolves oxidizmg the alcohol, makmg the amide, 
and convertmg this mto an amme, thus 

(i) CgHr^OH (ethyl alcohol) to CH3 COOH (aceac acid) by oxidation 
with permanganate 

(11) CH3COOH to CH3 CO NH^ (acetamide) by heatmg the ammonium 
salt of the acid 

(ill) CH3 CO NH, to CH3NH2 (methyl ammc) by heatmg together 
with bromine and caustic soda 

(iv) CH3NH, to CHjOH (methyl alcohol) by boilmg with mtrous acid 

To make a long jump m a series, as from methyl alcohol of wood spirit to 
amyl alcohol whose acetic ester is used as a cellulose acetate solvent, of from 
acetic acid of vmegar to stearic acid of mutton fat and soap, is a long process, if 
taken one step at a time There are two important syntheses which make it 
possible to replace an H by an alk }4 radicle traversmg as many steps as we 
wish m one reaction 

Higher alcohols can be s>TUhesized from lower ones by the reaction of 
metallo-orgamc compounds with aldeh>des and ketones To make higher 
primary alcohols a magnesium alkyl halide is treated with formaldehyde 
thus 

H CHO t XMgI->X CH2OH 
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Fig 264 — Order of Substitution of Common Simple Radicles in the Hydro- 
carbon Molecule 

/ and 2 are so wnttcn to indicate that they are addition compounds with NH, and 
HCN respeaively The reaction with HCN can be used to make hydroxy-acids 
such as lactic acid m which the OH and COOH radicles are attached to the same 
carbon atom 
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To make a higher secondary alcohol, a magnesium alkyl hahde is treated 
with acetaldehyde, thus 

CH3CHO + X Mg I X (CH3) CHOH 

1 he higher members of a senes of alcohols may have the monovalent complex 
radicle CHgOH of a pnmary alcohol, the divdent CHOH of a secondary, or 
the tnvalent COH of a “tertiary alcohol ” A tertiary alcohol can be made by 
treating a ketone with a magnesium alkyl hahde, thus 

X, CO Xt + X, Mg I X AX,COH 

All three types may be illustrated by the preparaaon of the three butyl 
alcohols CjHyOH Primary butyl alcohol (C3H7 CH2OH) can be made by 
treating formddehyde with magnesium propyl iodide (CgH^Mgl) Secondary 
butyl dcohol (CoH^ CH3 CHOH) can be made by treaung acetaldehyde 
with ethyl magnesium iodide (C2H5MgI) Tertiary butyl alcohol, which is 
(CH3)3 COH, is made by treating acetone (CH3)2CO with magnesium methyl 
iodide (MgCH3l) Ihese reactions illustrate the general prmciple mvolved 
in making a senes of alcohols with high molecular weight from lower members 
of the same senes, like methyl or ethyl alcohols 
To synthesize higher fatty acids from lower ones either of two important 
esters, ethyl malonate or ethyl aceto acetate, are used as essential reagents 
Both esters react with sodium m alcohohe solution (sodium alcoholate) to 
form (a) compounds m which one hydrogen atom is replaced by sodium 
The sodium derivative reacts {b) with an alkyl hahde to form an ester m 
which the alkyl group replaces the sodium atom 1 his ester is decomposed by 
heat, yielding a higher acid With ethyl malonate (the ester of ethyl alcohol 
and malomc acid) the process is 


(.0 CH2< 


xoo C>H. 


^COO CgH, 
Ethyl nnlonne 

.COO C.H3 
(b) CH Na<( 

^COO C2H5 

.coo C2H3 

{c) CH Xc; 

^COO CoH, 


CH Na< 


,COO CoHji 
"COO C,H, 


Cl I X< 


/COO C2H5 
""COO 


"COOH 


Thus if the alk>’l hahde is CjH^I (ethyl iodide) we get one of the butyric acids 
Ethyl aceto acetate obtained by action of sodium on ethyl acetate and subse- 
quent disullation with acetic acid reacts in a similar way, thus 

/CO CH3 CH, CO 

(a) CH,< ^ CH NaC 


^COO C3H5 
I'lhjl aceto acetate 

/CO CH3 

{b) CH Na< H XI 

^COO C,EL 


"COO C2H5 


XHj CO 
"COO C^H, 
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On heating the alkyl substituted ester we get with caustic potash, it decom- 
poses thus 

/CO CH3 /H 

(c) CH x<; aix< 

^COO C2H5 ^COOH 

Higher hydrocarbons of the fatty acid series can be made from lower ones 
by the action of powdered zmc on the alkyl halide accordmg to die recipe 

2 X 1 -> Xa -f 2 H 1 

Thus methane can be converted mto butane (C^Hjq) in the followmg steps 
CH^ CH3I CgHgCethane) -> C^U^l -> C4H10 

(d) Nucleus and Side Chain Suhstituiions — General rules of synthesis for 
the derivatives of the fatty series also apply to the aromatic compounds 
which have a stable nucleus of six carbon atoms When dealing with the latter 
It is also necessary to distmgmsh between substituting a radicle for a hydrogen 
atom m the side cham and substituting a radicle for a hydrogen atom attached 
to the nucleus 

The fundamental reason for representing the benzene molecule by a central 
group of six carbon atoms attached to one another depends on the number 
of Its substitution produas When only one hydrogen atom of benzene is 
replaced by a radicle, only one compound with the same formula is formed 
Thus there is one hydrocarbon CgH^CHg or toluene^ one substance 

CgHg COOH benzoic acid, one substance CgHsOH phenol^ one substance 
CgHg NHg antliney one substance CgHg NOg mtrobenzene, etc On the 
other hand, four substances have the formula CgHjQ, one correspondmg 
to the substitution of CH^ m the methyl radicle of the side chain of toluene, 
and three arrangements resulting from two substitutions of CHg m the 
nucleus of benzene, as explamed on p 509 Similarly there are four substances 
with the formula C7H7COOH, viz three toluic aads CH3 C6H4 COOH 
and one phenyl acetic acid CHg COOH There are four substances 

with the formula C7H7OH, benzyl alcohol CgH5CH20H, and three nuclear 
derivatives of toluene, the toluic phenols or cresolsy CHg C6H4OH Thus the 
arrangement of the atoms and radicles m an aromatic molecule raises three 
problems (a) how we recognize when a radicle replaces a hydrogen atom m 
the nucleus or side chain, {b) how we can recognize the various arrangements 
to which we attribute the existence of different compounds ansmg by sub- 
stituting more than one radicle m the nucleus We can get an answer to the 
first question by comparing the derivatives of benzene with those of higher 
hydrocarbons m the same senes 

If chlorme is passed into cold benzene m the presence of a catalyst, a sub- 
stance called monochlorbenzene (CgHgCl) with one substituted halogen atom 
can be obtamed It is not a typical halide It is not converted into an alcohol 
by boilmg with a dilute alkah If chlorme gas is passed into cold toluene three 
substances with different bodmg pomts and a smgle chlorme atom m each 
molecule are formed These chloro-toiuenes have the same general formula 
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Simple syntheses from the Benzene which Faraday first identified m Coal Tar 
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C,H7Q a fourth substance called benzyl Monde with the same formula 
(C7H7CI) can be separated when chlorme is passed mto boilmg toluene 
Unlike the chloro-toluenes or monochlorbenzene, benzyl chloride yields a 
typical alcohol (C7H7OH) when boiled with a dilute alkali such as sodium 
carbonate solution Benzyl chlonde yields denvatives with the same general 
formulae as the chlorotoluene derivatives Their properties are very different 
from those of the chlorotoluene or chlorobenzene denvatives 

When a mixture of strong mtnc and sulphunc acid is added slowly to cold 
benzene, one substance called mtrobenzene (CgHgNOjj) is produced This 
substance is not much like the mtro-parafl 5 ns If benzyl chlonde is heated 
with silver mtnte a substance called phenyl-mtro-methane is found It has 
the formula C7H7NO2. With the same formula (C7H7NO2) there are three 
substances called the mtrotoluenes prepared by “mtratmg” cold toluene with 
a mixture of strong mtnc and sulphunc acid The mtrotoluenes, prepared 
by a method analogous to the preparation of mtro-benzene, have similar 
properues to the latter They can be reduced by iron fihngs and hydrochloric 
acid From the reduction of mtro-benzene the substance called anilme 
(ainmobenzene) is formed Ammobenzene is not a typical amme, as its formula 
(CgHgNHg) would suggest Three ammo-toluenes can be made by the 
reduction of the mtro-toluenes Their formula C7H7NH2 also stands for a 
compound which can be made by the action of ammoma on benzyl chloride 
This substance called henzylamtne is a typical amme 

When a cooled mixture of sulphunc acid and anilme is treated with mtrous 
acid and subsequently heated, phenol (CgH^OH) is produced This substance 
is not like the dcohols of the parafiin senes It does not readily form typical 
esters, and it cannot be formed by hydrolysis of monochlorbenzene By 
analogous treatment of the three mtro-toluenes three compounds called 
cresols (C7H7OH) can be prepared Like phenol, the cresols do not form 
esters with ordmary orgamc acids In this respect they are qmte different 
from the benzyl alcohol which can also be represented by the formula 
C7H7OH 

Thus we get one class of substitution products with analogous properties 
to those of benzene when we treat toluene m the same way. Correspondmg 
to each benzene derivative m which only one hydrogen atom is replaced by 
a radicle, three shghtly different toluene compounds with only one substituted 
radicle can be formed A second class of smgle denvauves with correspondmg 
formulae can also be made from toluene The properties of these compounds 
do not resemble those of simple benzene derivatives Benzene has no side 
chain Only one substitution produa can be formed from it when only one 
hydrogen atom is replaced The replacement must occur m the “nucleus 
Toluene has a side cham Relative to the side cham there are three different 
positions m which any of the five hydrogen atoms of the nucleus can be 
replaced Hence there should be three substitution products by replacement 
of a hydrogen atom m the nucleus Besides this a totally different kmd of 
subsatution can occur m the toluene molecule One (or more) of the hydrogen 
atoms of the side cham itself can be replaced Smee the class of derivatives 
of which benzyl chlonde is the parent substance do not resemble chlor- 
benzene compounds, we conclude that the class of which benzyl chlonde ts 



534 Science for the Citizen 

the parent ts due to side chain substitution^ and that side chain substitution leads 
to the production of compounds with properties more like those of paraffin 
derivatives 

The methods of substitution appropriate to each class are summarized 
m the accompanymg table, which calls for a word of explanation The 
aromatic hydrocarbons readily combme with strong sulphunc acid to form 
“sulphomc acid” derivatives m which the radicle (HSO3) replaces one or 
more hydrogen atoms of the nucleus These denvatives when heated give rise 

METHODS OF SUBSTITUTION 


Radjclc 

Nucleus 

Side Cham 

Cl, Br 

Pass CI2 or Br^ mto cold m presence 
of 1 catalyst (iodine, etc ) 

Pass CI2 or Brg mto boiling fluid 

NO^ 

Aaion of strong mtnc acid 

Action of silver mtrite 

CN 

KCN on chloro-dcnvative 

KCN on chloro-denvative 

COOH 

(a) Oxidation of alkyl group at- 
tached to nucleus by KMn04 
{b) Hydrolysis of CN derivative 

Hydrolysis of CN derivative 

OH 

(a) Reduction of NH2 denvative 
by mtrous acid 

{b) Heatmg sulphuric acid deriva- 
tive dry with NaOH 

(а) Reduction of NHg denvauve 
by mtrous acid 

( б ) Hydrolysis of halogen denv a- 
tivc with KOH 

NH^ 

Rcducuon of Nitro derivative with 
tm and HCl 

Reduction of Nitro denvauve with 
tin and HCl 

Alkyl 

Boil with alkyl halide, usmg anhy- 
drous alumiruum chloride as 
catalyst 

Treat with alkyl hahde in pres- 
ence of sodium 


to phenols, 1 c OH nuclear subsatution produas Treatment of aromatic 
hydrocarbons with either mtnc or sulphunc acid may give nse to one, 
two, or more [e g trmitrotoluene CH3 CgH2(N02)3] nuclear substitutions 
accordmg to the ume and heat apphed One other point worth mentioning 
is that any alkyl group m the nucleus of an aromauc compound is converted 
mto the radicle COOH by the action of an oxidizmg agent like potassium 
permanganate Hence ethyl benzene CgH^ C2H5 is oxidized to benzoic 
aad CgHg COOH, but the three xylenes CgHj(CH3)2 are oxidized to the 
phthahc aads CgH^(COOH)2 with two COOH raicles 
Another quesuon which anses when idenufymg or synthesizmg aromatic 
compounds is how vanous substances may result from the mutual relations 
of the same radicles in the nuclear part of the molecule When there are two 
radicles as m xylene we distinguish three possible arrangements, called the 
ortho (a), meta (m), and para (p) forms, which have very similar chenucal but 



The Last Resting Place oj Spirits 


535 



Fig 266 — Some Benzene Derivatives 


r-^phenol (CkTECHOL) 
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The anu-febnlc drug called salicylic aad is the ortho compound 
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different physical properties (such as boiling points), according as the radicles 
arc next, next but one, or next but two, apart, viz 

A A 

/\ 

(w) (/>) 

A 

The recognition of each of these depends on inserting another radicle in the 
nucleus If the original substance is a para-compound with two identical 
radicles (A) this can only be done in one way, since the third (B) must be 
next to one or the other and is 


A 



A 


If It is an ortho compound, this can be done in two ways, since the third may 
be next to one of the others or next but one 

A A 

Bf/\A 

a->(i) j or(u) 

If it is a meta compound, a mixture of three products may result, because 
the third may be between the other two, next to one only, or next to neither, 
thus 


A A A 



The pictonal hexagon of carbon atoms is sufficiently justified by the fact 
that tins rule apphes consistently to the substitution products of any aromatic 
compound Thus p-xylene, which only forms one tnmethylbenzenc 
CgH 3 (CH 3)3 by nuclear substitution of an additional methyl radicle, is 
oxidized to p-phthahc (terephthahc) acid C 3 H 4 (COOH) 2 , which only yields 
one substance C6H3(N02)(C00H)2 when a mtro group is mtroduced On 
the other hand, o-xylene, which yields two trimcthylbenzenes, is oxidized to 
form ordmary phthahc (o-phthalic) acid which yields two substances with 
the constitution C5H3(N02)(C00H)2 The meta form of xylene yields the 
same two tnmethylbenzenes together with a third one, mesttylene or 1 — 3 — 5 
trimethyl benzene Needless to say, the hexagon figure is merely a diagram 
It IS not a picture of the molecule, which no one has ever seen It is a plan of 
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action which, liKe the ordnance survey map, tells us how to get somewhere 
and hew to recognize when we hsfv^e got there 
Once having settled how to recognize an ortho, meta or para form we can 
study the condiDons which govern the substitution of radicles to get the 
best yield of the one we want Two rules summarize what w'e have to do, if 
we wish to get the best yield in substituting a second radicle m the nucleus of 
a benzene derivative 

(i) A second group prefers the meta position to one of the following 
already attached to the nucleus 

IlSOg CHO CN COOH NO^ 

(11) A mixture mainly composed of ortho and para compounds is formed 
d one of ihe following is already attached 

Alkyl, halogen, OH, NHg 

Hence when wc are applying the rules for side chain and nuclear substitution, 
the route chosen depends on which type of a compound is required For 
instance, if we w^ant to mikc a toluic aldehyde from benzene, we obtain the 
para form thus 



Cl CN COOH CHO 

To get the meta form wc proceed thus 

CHj COOH COOH COOH CHO 



In the less volatile fractions of coal tar there are aromatic hydrocarbons with 
nuclei of more than six carbon atoms The nvo most important are naphtha- 
lene CioHg (also present m Russian petroieum) and anthracene 
Anthracene is the parent substance used in tlie synthesis of ahzarm The 
simplest are the azo dyes derived from the anilmes or nuclear NH2 subsntu- 
tion products of the benzene series When the aromatic amines are reduced 
with nitrous acid they yield alcohols When the amlmes are reduced with 
nitrous acid they only yield phenols after prolonged boihng The first product 
of reaction in cold solution is a “diazo” salt which combmes with phenols and 
various other benzene derivauves to form nchly coloured substances 

A PLANNED ECONOMY OF CARBON COMPOUNDS 

Although the disco\ery of benzene in coal tar was made by Faraday m 
England, where the commercial exploitauon of coal tar products first 
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developed, the development of the British coal tar dye industry was almost 
entirely neglected till after the European war of 1914-18 The story or 
the dye industry is told by Hale m the followmg passage from Chemistry 
Tnumphani: 

In 1856 occurred a discovery of far-reaching import Sir WiUiam Henry 
Perkin, workmg in the laboratory of A W Hofmann, then a professor at the 
Royal College of Chemistry m London (1845-65), accidentally discovered 
among the oxidation products of anilme with chromic acid a compound ex- 
hibiting tinctorial properties It was the first synthetic dye Withm a year 
(1857) a small plant was built by Perkin at Greenford Green and this violet 
dye under the name of mauve at once entered commercial production The 
starting point for tlus dye was aniline (C^H^NH,) which is the amino (NH), 
derivative of benzene, anilme was prepared by reduction of the nitro (NO^) 
derivative of benzene arising by action of nitric acid (HNOs) upon benzene 
itself These manufacturing steps were fraught with difficulties and expense 
Anything like chemical control was unknown, thus by a mere shift in an 
oxidizing agent upon crude amlme a red dye known as magenta made its 
appearance This latter was placed in commercial production m J 8 oy at Lyons, 
France* In 1868 the German chemists Graebe and Licbermann, startmg with 
anthracene (a hydrocarbon isolated from coal-tar), were able to syndics i/e a 
naturally occurrmg dye known as alizarm, which when precipitated on fibre 
is called turkey red This dye was then obtained from the roots ot the madder 
plant . Thus the chemist was brought directly m conflict with one of the 
oldest of agricultural pursuits, this dye was used by the ancient Egyptians on 
mummy cloths Sail another class of dyes called azo dyes, by reason of their 
contaimng a pair of mtrogen (called azote m French) atoms, was discovered in 
Hofmann’s laboratory m 1858 by Peter Griess Bui this growmg interest m 
synthetic chemistry was soon to be transferred to Germany wluther Holmann 
returned m 1865 From this latter date to 1874 there was not even a professor- 
ship in orgamc chemistry m all England No instance of such extreme stupidity 
on the part of any two nations has ever been recorded m the history ot the 
world as when France and England gave up the dye mdustry to Germany 
By 1880 the dye mdustry, under German tutelage, was rapidly gainmg recog- 
niuon The umnvitmg coal-tar distillates consatuted the source of its various 
hydrocarbon starting points At about this time von Baeyer’s unravcllmg 
of the constituaon of mdigotme (mdigo) turned everyone’s attenaon to its 
possible manufacture Indeed this may be described as the goal of goals among 
early chemists Even after Heumann’s discovery in 1890 of the phenyl glycme 
process (as in use to-day) seven more years were required before actual manu- 
facture became feasible, October, 1897, marks the date when this kmg of the 
dyes first entered commercial producuon The reasons for such delay were not 
far to seek The state of manufacturmg art was low In the process under 
question a concentrated sulphuric acid (H 2 SO 4 ), an abundance of chlorme 
(Cl), and a strong causuc soda liquor (NaOH) were absolutely necessary 
— to say nothmg of the orgamc chemicals mvolved Now these prerequisites 
were simply imattainable m quantity Not all 1901 can the Kmetsch contact 
sulphuric acid process be described as havmg attained pracUcabihty Before 
1890 there was absolutely no appreciable supply of chlorme in the world In 
that year the Gnesheim diaphragm cell, apphcable to aqueous salt soluaons, 
was placed m actual operaaon Its development paved the way for indigo In 
this cell an aqueous sodium chloride soluaon was decomposed by means of 
an electnc current, yieldmg chlorme at one electrode and a soluUon of causdc 
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soda at the other This new type of cell, and others following, have all 
but made the electrolytic chlorine-caustic process supreme This urge to attain 
the indigo victory so long m the making — over nmeteen years since its first 
laboratory synthesis, raised the state of chemical knowledge everywhere and 
pointed to better control m all industry It was not long before the indigo 
chemist sought even to better his product beyond that provided by nature 
through many millennia In 1909 Fnedlaender synthesized 6, 6'-dibromindigo- 
tine and found it identical with Tynan purple of the ancients, over 12,000 
molluscs {Murex brandarxi) were collected on Itahan shores to yield 1 4 grams 
of this dye to confirm his research And to-day we brommate mdigo directly 
to a number of valuable fast dyes, notable among which is a tetrabrom mdigo 
(Ciba Blue 2B) far superior to the ancient Tynan purple of similar constitu- 
tion Again in 1906 Fnedlaender discovered the beautiful red thiomdigo, a 
direct counterpart of indigotine wherein the imino (NH) groups of the latter 
are replaced by sulphur (thio) atoms In general these mdigoid dyes 

constitute our first vat dyes, dyes that are capable of reduction to a soluble 
leuco or colourless base m “vats” or tube, and from which solutions the im- 
mersed textiles absorb the colourless base to be dyed (i e impregnated with 
the original insoluble dye) immediately that they are exposed to the oxidising 
action of air In 1901 R Bohn discovered another type of vat dye called mdan- 
threne In brilliance and fastness to light it has few compeutors Furthermore, 
by halogenation this fastness is enhanced Possibly no class of dyes has attracted 
more attention of late than cemin of the azo colours, they lend themselves most 
admirably to development upon the newer silks We should not forget 

that discovery is far ahead of practice We now know the constitution of many 
naturally occurring compounds for which we have no adequately serviceable 
manufacturmg steps Perhaps they will continue to be procured direct from 
nature We may mention the dye curcunun (from turmeric) used m foods, the 
dye haematem (from logwood) used on silk, and the mterestmg but complex 
msecticide rotenone from dems root) 

The synthetic dye mdustry was nursed into supremacy by the autocratic 
Prussian state after English chemists had discovered the first coal tar colour 
In the closmg years of the nineteenth century unrestneted pnvate enterprise 
was no longer a sufficient guarantee of contmued techmeal progress, and 
the gap between theory and pracuce has become much greater smee then 
A high level of chemical manufacture is now possible without the social 
pattern of urban congestion which developed m assoaation with the coal 
economy of private enterprise Withm the existmg framework of private 
enterprise there are already processes which might be developed further to 
provide the basis of a planned economy of human welfare with due regard 
to a congemal and healthy distnbution of population 

Perhaps the most important facet of recent progress m chemical manu- 
facture regarded from this standpomt is the substitution of cellulose for 
natural silk The arafiaal silk mdustry is of very recent ongm It is already 
promoting research mto a host of new problems, and among other indirect 
consequences is likely to revoluuomze the producuon of sugar Referrmg to 
Its growth, Hale says (op at ) 

In 1892 the discoveries of Cross and Bevan in England on cellulose and its 
conversion mto a sodium cellulose, with final transformation by action of 
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carbon bisulphide into a soluble cellulose xanthate^ offered immediate possibilities 
of reprecipitatmg the cellulose from tlus “viscose” state mto the form of threads 
Regenerated cellulose sheet, rendered pliable by admixture with a softener, gen- 
erally glycerol, is well known under the trade mark “Cellophane ” Other methods 
have come mto use Notably the reduction of mtrocellulosc, the dissolvmg of 
cellulose m copper ammomum solution and reprecipitation, and particularly 
the production of cellulose esters (as cellulose acetate or celanese) and their 
direct employment m the arts Derivatives of these products by higher acids are 
now in the makmg They will revolutiomze the rayon mdustry The macerauon 
of woody materials mto pulp of high cellulosic content has long been m opera- 
tion and mcreasmg amounts are in demand The hydrolysis, however, of 
cellulose and starch by dilute acids mto dextrme and finally glucose is the 
outstandmg development m commercial reversion of one of nature’s great 
steps The Bergius process for glucose direct from sawdust calls for hydro- 
chloric acid, and the method devised for recovery of this hydrochloric acid 
makes for an economical operation 

The production of sugar from cellulose or from other complex carbo- 
hydrates may m course of time replace the present custom of growmg local 
species which store carbohydrates m the form of sugar (e g cane, maple, 
beet) by the production of any species which manufacture carbohydrates 
rapidly Few plants grow so rapidly as the Jerusalem artichoke which has a 
very wide distnbution The Jerusalem artichoke produces cellulose m the 
woody fibre of stem and another complex carbohydrate tnuhn which acts as a 
sugar store in the tubers This polysacchande is easily broken down mto its 
ultimate bricks of simple sugar molecules, yielding fructose or levulose 
(sometimes called levose by American writers) which is three times as sweet 
as glucose and one and a half times as sweet as cane sugar Cane sugar yields 
a mixture of glucose and fructose Eating levose is less dangerous to diabetics 
than eatmg cane sugar It is absorbed much less qmckly than glucose A small 
operating plant for producmg it already exists in Iowa 

A brief account of the recent manufacture of wood sugar m Germany is 
given m an article on the Search for Substitutes by J G Crowther 

KirchofF, of St Petersburg, prepared a sugarified starch m 1811 Eight 
years later Braconnet showed that sugars could be obtamed from cellulose 
with sulphuric acid In 1865 Mehsens showed that hydrochloric acid could also 
be used Bergius and his colleagues have improved the hydrochloric acid 
process, and it is now m commercial operation The wood gives a raw product, 
contaimng 90 per cent of mixed sugars This may be fed to cattle and fattens 
pigs well Its nutritive value is equal to that of barley flour In May, 1933, a 
wood-sugar factory, with a yearly output of 6,000-8,000 tons of pure carbo- 
hydrates, began production The wood-sugar mdustry has been greatly ex- 
tended smee The hgnin residues from the process are used for making 
buttons and the like , Only half of the wood m trees is used as lumber 
the rest is waste The waste c^ps, twigs, and sawdust provide an unlimited 
source of sugar Bergius states that wood-sugar can be produced m the timber 
countries, such as the Baltic States and Canada, more cheaply than cane 
sugar, and give yeast and pure glucose for human consumption besides raw 
products for cattle fodder As carbohydrates are the basis of ammal and human 
nutrition he claims that all countries with adequate wood supplies can, if they 
wish, make themselves self-supporting m food The Germans hope that cattle 
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fed on wood sugars will provide self-suffiacncy in edible fats The German 
deficiency m edible fats otherwise remains an intractable problem The direct 
synthetic manufacture of edible fats out of mineral oils derived from coal is 
still remote Edible fats may be made out of fish oils by hydrogenation, but 
even fish oils must be imported There is another important aspect of the wood- 
sugar process The glucose provided by it may be fermented by bactena to 
give giycermc Nitro-glycennc, the explosive, is obtamed from glycerine by 
treatment with nitric and sulphuric acids 

1 he disappearance of localized sugar production is one of many ways in 
which advancing scientific knowledge is makmg it possible to break down 
the sharp line of demarcation between industrial and agricultural commum- 
ties and to rebuild industry on a biotechmcal basis The dairy bacteriologist 
has already made the local quality of cheeses an anachromsm Apart from 
checse-making, the domestication of bactena has been applied as an empincal 
art in the ancient industnes of brewmg and the practice of crop rotation 
Biochemists are daily finding out how fresh processes can be earned out by 
the agency of organisms which the bacteriologist can culture Thus the 
essential hydrocarbon of coal gas itself can be produced m this way The 
ensuing quotation is from Hale’s book 

The biological hydrogenation of carbon dioxide has been demonstrated as 
far back as 1910 by Soehngen Carbon dioxide and hydrogen brought m 
contact with putnfymg bactena yield methane Recently Franz Fischei isolated 
from sewage certain bactena that actually weie able to reduce carbon monoxide 
with hydrogen into methane Ihere was found to arise to some extent an 
equilibrium between carbon monoxide and water as against carbon dioxide and 
hydrogen It is possible that carbon dioxide and hydrogen are first converted 
into formic acid and tlicn into acetic acid as intermediate products, at all 
events mctliane was the end product It is known that fish in some way are able 
to hydrolyze chlorobenzene mto phenol Who knows but that some day the 
work of a corps of cold blooded animals will replace a high temperature, high 
pressure installation as of to-day? 

The production oi power alcohol which has been made the subject of much 
attention durmg the recent agncultural depression m America illustrates the 
rapprochement of industry and agriculture through the apphcation of orgamc 
chemistry m another way Its extensive development would depnve coal and 
petrol of their predominance as crude articles of commerce, and by so doing 
encourage the use of other substitutes for the by-produas of the coal and 
petrol industries How far these tendencies will develop withm the economy 
of private enterprise no one can foresee There is little doubt that they will 
progress locally here and there, and that the results will bring forth mcreasmg 
restnctions and subsidies to reinforce pre-existing processes, where mtelligent 
statesmanship fails to recognize how new resources could enrich human life 
if their use w^ere rationally planned 

EXAMPLES ON CHAPTER X 

1 The formula for acedc acid is written CHsCO O H State (a) two senes 
ol reactions which show the presence of the CH, (methyl) radicle, (6) two senes 
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of reactions which justify separating one hydrogen from the others, (c) three 
scries of reactions which show the presence of a CO radicle 

2 Two substances, each when vaporized 23 times as dense as hydrogen, 
have the same percentage composiUon C 52 2, O 34 8, H 13 Contrast their 
reactions by applymg what you know about the prmciple of valency and the 
characteristics which different radicles confer, and state how one could be made 
from the other 

3 Compare the properties of four substances of molecular weight 75 having 
the following percentage composition oxygen 42 7, hydrogen 6 7, mtrogen 
18 7, carbon 32 How would you make each of them? 

4 How many different compounds with a stable group of six carbon atoms 
can have the formula CgHgCl? How would you build up each from benzene? 

5 Four substances with a stable six-carbon nucleus have the formula 
C7H7OH Represent how they differ with a picture formula How would you 
(a) make them from coal tar, (^) recogmze them ? 

6 Four substances with a stable six-carbon nucleus have the formula 
C7H7NO, How do their properties differ? 

7 Write down the compounds which can have the followmg formulae with 
their properties and methods of preparation 

(a) CjH^NOCl 

(b) CsHj^CNO 
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PART III 

The Conquest of Power 


And did the countenance divine 
Shine forth upon our clouded hills ? 
And was Jerusalem builded here 
Among these dark satamc mills? 

WILLIAM BLAKE 
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CHAPTER XI 


A CENTURY OF INVENTIONS 
The Decline of Wind and Water 


About sixty years ago Alfred Russel Wallace wrote a book called The Won- 
derful Century Had he called it A Century of Inventions he would have been 
guilty of plagiarism Three centunes before, the Marquis of Worcester had 
already used this title for a book m which he described a hundred new 
devices Nowadays we are apt to think of rapid technological progress as a 
special charactenstic of capitalism m the mneteenth century So it is somewhat 
startling to meet these words m their own context In a broad sense of the 
term the sixteenth century had been a century of inventions Reviewing their 
consequences in the Novum Organum^ Bacon wrote 

It IS well to observe the force and virtue and consequence of discovenes, 
and these are to be seen nowhere more conspicuously than in those three which 
were unknown to the ancients namely, pnntmg, gimpowder and the 
magnet For these three have changed the whole face and state of thmgs 
throughout the world, the first m literature, the second m warfare, and the 
third in navigauon Whence have followed umumerable changes, in so much 
that no empire, no sect, no star seems to have exerted greater power and influ- 
ence m human affairs than these mechamcal discoveries 

According to a widely prevalent dogma, the spectacular technological 
progress which has accompamed tlie civilization of northern Europe is due 
to the pccuhar attributes of tall people endowed with blue eyes, fair hair, 
and no sense of humour The circumstances which abetted the adventurous 
hopefulness of early capitahsm provide very httle basis for this behef The 
inventions which were crowded into one and the same social context dunng 
two centuries before Bacon pleaded for a New Leanung mcluded the clock, 
spectacles, the telescope, the manner’s compass, the pnntmg press, gun- 
powder, the use of coal as fuel, strmged musical mstruments with keys, 
wmd povver for com-mills, and water power to pump flooded mufes Of these 
there is good reason to regard the first as a device which developed initially 
to meet the special requirements of northern latitudes and later to serve uses 
of westerly navigation Prmting, gunpowder, coal as fuel, the compass, water 
power, and wmd power, had long been known to the Qimese Steam bellows 
which were now bemg used m mmes had been outstnpped by Hero’s turbme 
The mtroduction of spectacles and strmged mstruments had been sponsored 
by the ethic and ntual of a rehgion which was not mvented by Nordic man 
VCTiat was essenually new m the situation which inaugurated the modem 
era of power production was that circumstances simultaneously forced upon 
the nouce of an expandmg hterate population a vanety of devices which 
had not become part of the everyday life of the comparatively small group 



548 Science for the Citizen 

of people cx>mpetent, elsewhere and m ancient timesj to transmit a wntten 
record of useftd information 

Consider, for example, the smgle mvennon which fathered the saence of 
electneal power production Thales of Miletus, a merchant of Tynan 
parentage, knew of the lodestone, and it is not unlikely that he got his know- 
ledge from the Phoemcian manners, from whom he also learned the art 
of navigatmg by the position of the stars m the Little Bear How far the 
lodestone was used in anaent navigation we do not know It was famihar to 
the Chinese, who were not conspicuous for their mantime opportumucs or 



Fig 268 — Hanseatic Cog about 1480 
From S C Gilfillan’s book Inventing the Ship 

exploits, before the beginnmg of the Christian era The need for it was not 
imperative so long as the centre of world navigation was located m lautudes 
where the more ancient techmque of star-lore served well enough We first 
hear of its use m Scandinavia about the time of Lief Enccson^s renowned 
expedition to Vinland, beneath the grey skies of a sea route, where stellar or 
solar navigauon would have been utterly impracticable It becomes an 
important fact m the soaal life of mankmd when coast line sailing is givmg 
place to long-distance voyages Then the manufacture of compasses to meet 
the needs of expandmg merchant enterpnse becomes an mdustry with 
technological problems which demand access to the wntten records of the 
voyages of the time A Wappmg compass maker claims the honour of wntmg 
the first prmted book exclusively devoted to the phenomena of magnetism. 
The soaal condiuons for the steady advance imtiated by this landmark 
in the history of saentific magnetism mclude the expansion of mantime 
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trade, the existence of the printing press and of shops where books are sold, 
the provision of instruction m the art of reading available to compass makers 
and ship’s pilots, and, at the Court of Elizabeth, an influential body of men 
whose opulence depended on success m a struggle for colonization and 
plunder agamst compeutors equipped with Chinese gimpowder and Arabic 
astronomy 

The matenal achievement of science in the ancient world was to provide 
mankmd with the knowledge required to regulate the seasonal pursmts of a 



Fig 269 — Columbus* “Santa Maria” 

From S C Gilfillan*s book Inventing the Ship 

local economy by use of a rehable calendar, and to undertake the explorauon 
of new temtones as sources of new materials by eqmppmg ocean transport 
with the means of localization No corpus of organized saentific knowledge 
was available to guide the search for matenal substitutes nor to provide 
sources of power to replace human toil. 

The soaal history of power production may be roughly divided mto three 
chapters, the ancient, the middle, and the modem The signal achievements 
of the first were the substitution of animal for slave labour and the mtroduc- 
uon of the sail as an aid to navigation Both mvendons promoted the diffusion 
of culture by providmg means of trade mtcrcourse between locally self- 
suffiaent commumties The ox was kept to tread com and to draw sledges 
or rough carts before avilized man slowly acquired the art of harnessing 
the horse In ancient Egypt the horse was not known, till the country became 
a prey to inroads of Asiatic tnbes which had long used it as a steed Because 
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of their mt speed, vehicles dnven by horses became a powerful mstrumm 
of ^arffre popularized in the Persian campaigns Speecf created a new 
technical demand for preasion in wheel design, and since the mechanical 
possibilities of a wheel are not self evident, we may surmise that the exploits 
of the ebanoteer were a necessary preparation for a second class of innovations 
The use of fhe wheel can be traced to the potter’s art in the dawn of 
Mesopotamian civilization When the Alexandrian age begins, horse-dnven 
chariots had made the wheel a famihar fact of everyday life Durmg what 
may be called the middle chapter of the story, knowledge of wheel mechan- 



Fig 270 — Two Prints from Agricola’s 1 rlatise showing Human (Treadmill) 
AND MhCHANICAL (WATER) POWER UsCD TO RAISE LOADS hROM MINES 


isms for tappmg inanimate sources of power spread slowly through the 
civili/ed world Water wheels used for urngaaon existed in ancient Babylon 
From the description of Vitruvius it appears that power was being transmitted 
by toothed wheels at the end of the first century b c ♦ Windmills, probably of 
Chinese origin, were known in Persia at least as early as the tenth century 
of the present era, and water-driven sawmills existed in the Roman Empire 
as early as the fourth century By the eleventh century the use of wmd and 
water as sources of power was widely spread throughout Europe 

Modern power production begins with the use of steam m the middle of 
the seventeenth century Durmg the eighteenth century steam-dnven pumps 
burning coal as fuel were adapted to mamtain a supply of water for mill 

* 1 or the hii>tory of the water mill see Arm d^Htst Econ et Soc 36 (November 
1036), aiuclc by Marc Bloch 
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wheels m the Pottenes, m Scotland, and elsewhere in Britain The direct 
production of rotary power by steam was expedited by the fact that water 
wheels had brought mto bemg a variety of devices depending on heavy 
sources of power for lifting loads or dnvmg hammers in mimng, fulhng, 
metallurgy, and other manufactures The comparatively rapid extension of 
water- and wmd-driven mechamsms dunng the three centuries before Bacon^s 
time was therefore a necessary prelude to the techmcal revolution which 
began a century later 

A hundred or so devices, mdudmg a steam turbine, catalogued by Hero 
(ctrca 150 B c ) and the vanous inventions attnbuted to Ctesibius (see p 230) 
show no lack of mgenuity to explain slow progress in the exploitation of 
natural power by the Mediterranean world In The Quest for Power^ Mr 
Vowles and his wife state their view that “the abohtion of slavery by the 
Emperor Constantine and the conversion by Hononus and Arcadius of free 
distribution of com to a daily allowance of bread must have greatly stimulated 
the demand for water power for com milling purposes ” Be that as it may, 
there is little doubt that slavery acted as a dead weight on the progress of 
power technology m the civilizations of antiqmty Agricola’s treatise gives us 
many illustrations of the use of water power in mining operations which 
could no longer rely on abundant sources of cheap labour The sheer impossi- 
bility of extendmg deep shafts without new sources of power to compensate 
for lack of cheap and abundant labour brought about a new tempo of 
mechamcal progress towards the end of the Middle Ages 

Steam had been used m ancient metallurgical processes as a substitute 
for bellows worked by hand By the seventeenth century it had been largely 
superseded by the water wheel, which was now being used to dram water 
from flooded mmes The accumulation of water in nunes was a far more 
serious problem m the humid north than it had been m the deep shaft 
mimng of the anaent world Indeed it was one of the major technological 
problems of the penod Steam began to be used as a source of power for 
pumpmg in the closmg years of the seventeenth century, and the modem use 
of steam therefore emerges m the same social context as its only use in 
antiquity 

In the middle of the seventeenth century the development of mechanical 
power received for the first time a direct impetus from advancmg scientific 
knowledge In connexion with his experiments on the weight of the atmo- 
sphere von Guericke had shown that the vacuum could be used as a means 
of distributing power at a distance and had (Fig 271) constructed a model 
m which a weight was raised by a piston mechamsm Von Guericke’s sug- 
gestion for commumcating power at a distance was a simple application of 
the new air pump which Hooke was using m England A similar model, in 
which the motive force was the external pressure of the atmosphere, seems 
to have been demonstrated at early meetings of the Enghsh Royal Soaety 
by Papin, then Curator It played an important part m the earhest attempts 
to apply steam power 

The Enghsh Royal Society was founded about xhe time when the first 
steam pumps were introduced, and its personnel was active m studying 
problems connected with their use and design It had begun as informal 
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gathenngs of a group of scientific men who met first m the rooms of Sir 
William Petty, author of the Political Arithmetic An early reference to this 
group ongmally called the “Invisible College” is mentioned m the followmg 
citation from the Record of the Royal Society 

Wntmg from London on October 22, 1646, to M Marcombes (who had been 
his French tutor in England), Boyle alludes to his studies m “natural philosophy 
and husbandry according to the prmciples of our new philosophical colledge 
that values no knowledge but as it hath a tendency to use ” He asks his corre- 
spondent to brmg from abroad with him to England “good receipts or choice 
books on any of these subjects which you can procure, which will make you 
extremely welcome to our tnvtstble college ” 



Von Guericke’s pump for raismg a weight by transmission of reduced pressure is 
essentially the basis of the vacuum brakes used on trams today 

The first history of the Royal Soacty by Thomas Sprat, Lord Bishop of 
Rochester, is redolent with the anxiety of the ongmal fellows to promote the 
development of mcchamcal mventions as the foundation of Enghsh pros- 
perity In tracmg the beginnings of the Invisible College durmg xht years 
which immediately preceded the first revolution of Stuart times. Sprat 
remarks . 

I shall only mention one great man who had the true imagmauon of the whole 
Extent of this Enterprise as it is now set on foot, and that is the Lord Bacon in 
whose books there are everywhere scattered the best arguments that can be 
produced for the Defence of experimental philosophy, and the best Directions 
that are needful to promote it 

Bacon’s defence of experimental philosophy is now a well-thumbed bnef 
His directions to promote it are forgotten, foough “adorned with so much 
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art,” as Sprat appraised It would be hard to find a better statement of what 
Hessen cdls the unity of theory and practice than the passage which opens 
with the followmg words m the Novum Organum 


The roads to human power and to human knowledge lie close together, and 
arc nearly the same, nevertheless, on account of the permcious and mveterate 
habit of dwelhng on abstractions, it is safer to begm and raise the sciences from 
those foundations which have relation to practice and let the active part be as 
the seal which prints and determmes the contemplative counterpart 



Fig 272 — Schematic Reconstruction of the Marquis of Worcester’s Patent^ 
FOR Raising Water by Steam Power 

When all three taps are closed steam coUects m the space above the boiler When 
A and C are opened, and B is closed, the pressure of the steam drives water out of the 
cistern If C and A are turned off, the steam condenses, producmg a pamal vacuum 
When B is turned on water is drawn up from the source below the cistern by the 
excess atmosphere pressure at the source 


In this spint the Royal Society began its labours The project mcluded 
a conspectus of all the prmcipd technological problems which affeaed 
Bnush mercantile supremacy and the ±eoretical issues relevant to their 
solution The exploitation of steam power was one among other con- 
temporary issues which enhsted the enthusiasm of the early Fellows 

“They design,” Sprat tells us, “the multiplymg and beautifying of the 
mechamck arts They mtend the perfection of gravmg statuary, limning, 

coimng and all the works of smiths m iron or steel or silver They purpose 
the trial of all manner of operations by Fire They resolve to restore, 
to enlarge, to examine Physick They have bestowed much consideration 

on the propagation of Fruits and trees They have prmcipally consulted 
the Advancement of Navigation They have employed much Time in 
exammmg the Fabnck of Ships, the forms of their sails, the shapes of their 
keels, the sorts of Timber, the plantmg of Fir, the bettermg of pitch and Tar 
and Tacklmg ” 


S 
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The earliest heat engines were devices in which a vacuum was created 
by filling a closed space with steam, and then forcing the steam to condense 
by coolmg it In the Marquis of Worcester’s patent, and m the later device of 
Savery (1698), the condenser was m direct connexion with the water which 
was bemg pumped away (Figs 272 and 273) In Newcomen’s engme (Fig 
274), which was mtroduced for drainmg the Cormsh mmes m the second 
decade of the eighteenth century, the condensation of the steam mduced the 
fall of a piston which was connected with the pump rod by a lever of wood 
The steps which led to this combmanon of the von Guencke (or Papm) 
principle and the Worcester mvention illustrate the close relation between 
ithe leaders of Enghsh science and the practical problems of mimng An 



tiG 273 — Savery’s Patent (1698) 

This was cssentJally like that of the Marquis of Worcester There is an arrangement 
to cool the steam space by irrigation so as to facilitate condensation 


account of Savery’s engme was pubhshed m the Philosophical Transactions 
of the Royal Society In his book on Boulton and Watt, Smiles tells us 

a draft of Savery’s engine havmg come under Newcomen’s notice, he 
proceeded to make a model of it, which he fixed in his garden, and soon founc 
out its imperfections He entered into a correspondence on the subject witl 
the learned and mgemous Dr Hooke, then Secretary to the Royal Soaety, < 
man of remarkable mgeuuity, and of great mechanical sagacity and insight 
Newcomen had heard or read of Papm’s proposed method of transmittmj 
motive power to a distance by creating a vacuum under a piston m a cyhndci 
and transmitting the power through pipes to a second cylinder near the mme 
Dr Hooke dissuaded Newcomen from crectmg a machme on this prmciph 
as a waste of time and labour, but he added the pregnant suggestion, “coul 
he (meaning Papm) make a speedy vacuum under your piston, your woi 
were done *’ Savery created his vacuum by the condensation of steal 
in a closed vessel, and Papm created his by exhausting the air m a cylmd( 
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fitted wjth a piston, by means of an air pump It remamed for Newcomen to 
combine the two expedients — to secure a sudden vacuum by the condensation 
of steam, but, mstead of employmg Savery’s closed vessel, he made use ot 
Papm’s cyhnder fitted with a piston 



Fig 274 — Diagrammatic View of Newcomen’s Atmospheric or 
Fire Engine (1712) 

In the earliest models the two valves which admitted (A) the spray of cold water to 
condense the steam in the piston cylinder, and the steam from the boiler, were 
worked by hand 

The further step of connectmg the piston to a fly-wheel did not come till 
seventy years had passed Newcomen’s engme was used for pumpmg where 
water power was not accessible For other purposes it had little to commend 
It An engme based on the von Guencke pnnaple was an exceedmgly costly 
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source of power, because of the rapacity with which it devoured fuel That 
this greed for fuel was due to a faulty principle of design was not under- 
stood until new saentific knowledge was available Watt’s important contnbu- 
tion was to eliminate the colossal wastage which resulted from coolmg the 
cylmder at each stroke of the piston Hammond tells us that “for one bushel 
of coal a Newcomen engme could raise on an average 5| milhon pounds, 
at most 7 milhon pounds, to a height of 1 foot Watt’s early engmes for one 
bushel could raise 2U million pounds, while his later ones could raise 26| 
milhon pounds ” {See also pp 596-7 ) 


THERMOMETRY 

Although the steam turbme or aeolipile described by Hero of Alexandna 
in the second millennium B c was nearer to the modem economy of power 
production than the patents of Savery or Newcomen, it left no unpress on 
the search for new theorcucal knowledge The first steam engmes were 
not designed with any recogmuon of the theoretical prmaples mvolvedin 
costmg the relation of fuel consumption to power producuon This, mdeed, 
was not a theoretical possibihty at the time The ancient world had no 
impetus to study the measurement of heat production, and there could be no 
balance sheet of fuel and power till units of measurement were settled 
Alexandrian mechanics w^as for practical purposes the mechanics of a slave 
civih/ation which lacked the social incentive to explore and exploit sub- 
stitutes for unnecessary human effort It was not brought into close contact 
with the practical problems of mmmg or with the new mechames of gases 
which developed during the period when the problems of deep-shaft minmg, 
especially coal minmg, were engagmg the attention of scientific men 

The inmal impetus to the study of heat came from another source In 
pursuance of its Bacoman programme the “Invisible College,” like the 
academies which appeared simultaneously in France (p 285), Holland, and 
Italy, was seeking new ways and means of promoting maritime supremacy 
Among its first projects after the Charter was granted were systematic surveys 
of weather conditions and of vanations m the earth’s magnetism Studies of 
this kind and others undertaken by the conunental academies laid the founda- 
tions of scientific meteorology and terrestrial magneusm 

Castclh, a pupil of Gahleo, had invented a ram gauge m 1639 Hooke also 
made one and devised instruments for detectmg changes m the humidity 
of the atmosphere and for measuring the strength and direction of the 
wind The barometer was now being used for the first time to study vana- 
tions in the pressure of the atmosphere In Italy the Accademia undertook a 
comprehensive programme of observations of one kmd or another mvolvmg 
day-to-day records of changes m the weather Under Hooke’s name one of 
the earhest pubhcations of the Enghsh Royal Soaety mcludes “the form 
of a scheme which at one view represents to the eye observations of the 
w'eather for a whole month ” Concerted weather records were made at Pans 
and Stockholm between 1649 and 1651 

The modem saence of power production starts from this basis Economical 
power production implies a method of measurmg heat, and a technique for 
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measuring heat was necessary for weather surveys At the time there were 
special reasons which encouraged the study of weather conditions Although 
sailing ships are at least three thousand years oldj ancient navigation con- 
tmued to rely very largely on slaves at the oar The transport of huge cargoes 



Fig 275 — Two of Hooke’s Mechanical Devices for Survey Work in 

Navigation 

(a) Sounding instrument (b) Water sampler for coUectmg water at different depths 
By kmd permission of Professor Wolf, from his History of Science, Technology, and 
Philosophy in the Sixteenth and Seventeenth Centuries (George Allen & Unwin) 



276 —Three of Hooke’s Weather Recording Instruments 



wiogyi and Philosophy in the Sixteenth and Seventeenth Centuries 1 
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Fig 277 — Hooke’s “Form of a Scheme” for a Continuous Weather Record in 
AN Early Publication of the Royal Society 
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over vastly greater distances after the discovery of the New World made 
wind as a source of power supreme Itahan and Bntish sacntists, working m 
close association with the technological problems of navigation, began to 
study the direcuon of wmds, the nature of storms, and the agencies which 
contribute to climatic difierences 

In domg so they were helped by knowmg more about the nature of air 
than their predecessors had done The English word “climate” comes from 
the Greek KAt/xa, which was the term used by Alexandnan geographers for 
what we now call latitude (or more preasely co-latitude, since it was reckoned 
in degrees from the pole mstead of from the equator) The Mediterranean 
world did not assoaate differences of climate with anythmg measurable 
except the sun’s alatude as it varies accordmg to season and latitude The 
saence of antiquity had no mstniments for measurmg mtcnsity of heat or 
cold When the existence of matter m the third state was clearly estabhshed, 
the sigruficance of many fanuhar weather phenomena assumed a new aspect, 
and new instruments like the barometer were now available for research 

The first device which can be desenbed as a thermometer seems to have 
been made by Galileo It was a glass bulb about the size of a ping-pong ball 
with a long stem which dipped mto water The bulb was heated to make the 
air expand till some was expelled from the tube On coolmg, of course the 
air contracted, makmg the water nse up the stem The warmth of the hand 
apphed to it was then sufficient to make the water level fall owing to expan- 
sion of the air m the bulb Although the stem was graduated m later models, 
the reading obtained was necessarily arbitrary It depended entirely on the 
capacity of the bulb, the imual temperature at which the mstrument was 
calibrated and the atmosphenc pressure A French physiaan and chemist, 
Jean Rey (1032), improved on Galileo’s mstrument and adapted the prmciple 
tor detectmg fever, usmg water as the thermometnc substance Thermometers 
with a sealed stem were first made in Italy about fifty years later 

The fact that solids or liquids which have been strongly heated shrink 
when cooled had presumably been noticed by craftsmen and artificers from 
earhest times, but the expansion of bodies when subjected to warmth is not 
an obvious fact of everyday life The expansion exhibited by gases like air 
u hen exposed to slight changes of heat hardly detectable by direct sensation 
m an instrument, such as the thermometer, or perhaps we should say the 
thermosLOpe of Galileo, drew attention to the phenomenon, and at once sug- 
gested the means of studymg the problem of climate from a new angle 
If air has weight, and if the same amount of it can occupy a much larger 
space when warmed, warm air is less dense than cold It will therefore nse, 
and if the warmth of the hand suffices to produce a noticeable change m the 
density of air, how much more does the intense heat of the sun, varymg as it 
does by day and mght, wmter and summer, or by proximity to the equator? 
Here, then, was a new mstrument for studymg how air is set m motion. 

The honour of takmg the first steps towards a fixed standard for measure- 
ment of mtensity of heat is due to the Florentme Academy, which was also 
responsible for an important practical miprovement of the thermometer 
Rey, as stated, used water as the fluid For meteorological purposes water is 
totally unsuitable for two reasons The first is the obvious fact that a water 
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thermometer cannot be graduated to record degrees of heat below the 
temperature at which snow melts Even above this it is unsuitable, because 
of a very important peculiarity which makes water capable of sustaining 
aquatic life m ±e winter If water at the temperature of melting snow is 
heated it contracts up to a certain pomt corresponding to 4° on the centigrade 



Fig 278 — The Expansion of Water 

The upper 6gure illustrates the freezing of a pond exposed to air below the freezing 
point of water As the water is cooled it sinks nil the temperature of the bottom is 
4®, at which water is most dense Convecnon is then at a standstill The top layer freezes 
and owing to its very low conducnvity for heat there is little further change If water 
were most dense at 0° C the pond would freeze to a solid mass whenever 5ic temper- 
ature remamed appreaably below 0® C The lower figure shows in a very exaggerated 
diagram the relauvc densines of water between 0° and 100® C At the latter the steam 
formed expands to 1,600 times the equivalent volume of water At the former the ice 
formed expands by nearly 10 per cent The actual values for the volume occupied by 
1 gram are given numerically 

scale, expandmg thereafter That is to say, the maximum density of water is 
above its freezmg pomt So water does not sink to the bottom as it approaches 
the freezmg pomt If it did so, ponds and rivers would freeze m winter and 
aquatic life would be extmgmshed Alcohol or spirits of wme, which was 
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used m the Florenune thermometers, has a much lower freezmg point, and 
expands continuously over the whole range of temperature at wluch water 
exists in the liquid state 

Cajon tells us that the Florentine Academy chose a scale of heat mtensity, 
or as we now say “temperature,” based on two 

fixed points 5 the cold of wmter and the heat of summer, dividmg the mter- 
vening space into 80 or 40 equal spaces To determine more accurately the 
position of these points, they defined the one to be the temperature of snow or 
ice in the severest frost, and the other to be the temperature m the bodies 
of cows and deer The mcltmg-pomt of ice was found by them to be mvanable, 
and, in their medical scale, to be at In 1829 some of the Florenune thermo- 
meters were discovered among old glassware, and Libri actually found them 
to read m melting ice They had been used m Florence sixteen years m 
meteorological observauons, and by reduemg the average temperature to one 
of the modern scales, and comparing with modern observauons, Libn thought 
he could draw the inference that the climate of Florence had remamed un- 
altered during tlie two hundred years The fixed pomts chosen by the Florenune 
Academy did not prove sausfactory and all sorts of improvements were sug- 
gested Dalence in 1088 adopted (1) the temperature of air durmg freezmg 
and (2) tliat of melting butter The final adoption of the temperatures of melung 
ice and boiling water was not reached until the eighteenth century, though 
Iluyghens had recommended the use of one or the other of th^se as early as 
lOOf) The Florenune thermometers became famous They were mtroduced 
into England by Boyle They reached France by way of Poland An envoy of 
the Queen of Poland was presented in 1 657 by the Grand Duke with thermo- 
meters and other instruments Her secretary forwarded one of the thermometers 
to the astronomer Ismael Boulliau in Pans, and stated that “the Grand Duke 
always carries one m lus pocket ” The thermometer was about one decimeue 
long and contamed alcohol Boulliau himself constructed m 1669 a thermometer 
m which mercury was used for tlie first ume (so far as known) as a thermo- 
metric substance Recently a record of temperature observauons by Boulliau, 
extendmg from May 1668 to September 1660, has been found Next to the 
riorentmc record, begun in 1666, it is the oldest in existence 

For most scientific purposes the scale of temperature now used is the 
cenugrade scale, in which one degree is defined as tlie intensity of heat 
required to increase the length of a column of mercury by one-hundredth part 
of the difference between us length at the melung-pomt of ice and its length 
at the boilmg-point of water at the mean sea-level atmospheric pressure 
(7()0 mm on the mercury barometer) On the centigrade scale ice melts at 0*", 
and at 700 mm pressure water boils at 100° On the “absolute” scale, often 
used in connexion with the study of gases and solutions, the corresponding 
temperatures are 273° and 373° The cenugrade scale was introduced in 1742 
by Celsius thirty years after the Fahrenheit scale, m which water freezes at 
12 and boils at 212° The latter is still used in England for clinical purposes 
and weather records Since there are 180° F betw^een the freezmg and boiling 
point of water corresponding to 100° C the rule for converting temperature 
from cenugrade to Fahrenheit is F = + 32 A third scale on which 

water freezes at 0° and boils at 80° was mtroduced by Reaumur, a Dane It 
IS little used today One practical development of thermomeuy before the 
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modem age of power production is indicated by the title (English translation 
1750) of a book by Reaumur The Art of hatching and bringing up domestic 
fowls of all kinds at any time of the year^ either by means of the heat of hotbeds 
or that of common fire Matthew Boulton read it, and busied himself, says 
Dickmson, “makmg thermometers for himself and friends ” 

That Celsius was a Swede draws attention to the influence of climatic 
studies on the early progress of research mto the nature of heat In this 
chapter we deal with the technique of measurmg heat in connexion with the 
three mam features of climate, viz wmds, wetness, and warmth Most of us 
are already conversant with the main conclusion established by experimental 
enquiry and direa observation during the latter half of the seventeenth and 
early part of the eighteen^ century 

WINDS 

Although the direction of the wind changes constantly, contmuous record 
of the weather-cock shows certain prevalent charactenstics, of which the two 
most fully understood are {a) the direction of mommg and evenmg breezes 
in propinqmty to the sea (i>)thepredominantwestward drift of the oceanTrade 
Wmds on either side of the equator The prevailmg direction of coastal 
breezes durmg the mommg and early afternoon is landward and the pre- 
vaiJmg direction of breezes after sunset is seaward The meaning of this was 
at once evident when contmuous temperature records of land and the sea 
adjacent to it were kept The temperature of the sea is far more constant 
±an that of the land By day it does not nse to the same temperature as the 
land when there is full sunsWe, and by night it does not fall to as low a tem- 
perature as the land after the sun sets As the temperature of the land increases 
m the mommg above that of the sea, warmer air rises because it is less dense, 
and Its place is filled by colder air drawn inwards from the sea After sunset 
the converse is tme 

In the tropical and sub-tropical seas the predoimnant direction of air cur- 
rents near the surface is from the poles towards the equator where the air is 
hottest, and therefore nses upwards This major movement is compheated 
by the fact that the rotational displacement of land from west to east at the 
equator is vastly greater than it is near the poles (Fig 280) If you consider a 
column of air drawn m from, let us say, the latitude of Iceland and dissect its 
movement by the prmaple of mertia, you will see that it starts with a move- 
ment southwards due to the suction of rismg air at the equator and a move- 
ment eastwards at the same speed of rotation as the land As it travels south 
the earth beneath it is movmg more swifdy eastwards To see what happens 
imagme two railway trams travelhng m the same direction at different speeds 
To an observer m the quicker one the slower one will seem to be moving in 
the opposite direction So if both are movmg towards the east, the slower 
one seem to a person m the qmcker one to be movmg towards the west, 
1 c to be coming from the east Hence the mam drift of winds m the neigh- 
bourhood of the equator is from the north-east on the north side and from the 
south-east on the south side Thus the direction of the Trade Wmds which 
prevail m tropical seas, as first pomted out by Halley, a contemporary of 
Newton, reinforced the behef m the earth’s diurnal motion about its axis 
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The basic fact on which the ventilauon of the earth’s surface, like the venti- 
lation of a room, depends is that warm air is lighter than cold air Bodies 
expand when heated Hence their densities depend on temperature Bodies 
which are not rigid, 1 e liquids and gases, are therefore subject to mtemal 
movement or convection which promotes conunuous mixmg and arculation 
of heat (Fig 279) The direction of the air currents on the earth’s surface is 
modified by two relatively constant agencies, the earth’s rotaaonal motion 



5ig 279 —Convection — The Principle of a Central Heating System 

1 he method of heat transmission m gases and hquids depends on the fact that they 
expand when heated, hence tlie wanner portions, being less dense, rise while the cooler, 
being more dense, sink 

and the distribution of land and water The effect of the latter is due to the 
fact that water mamtams a more constant temperature than land It does not 
heat up or cool so rapidly This leads to both daily and seasonal changes m 
the direcuon of wmd owing to the unequal heating of land and water by day 
and mght or m summer and m wmter In addition to the separate influence of 
these reiauvely stable factors various consequences anse from their mter- 
action Two complications arise from the evaporation of water Evaporation 
results m the formation of clouds which aflea the distnbution of sunshme, 
onH Af rain which affccts the temperature of the land on which it falls. The 
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distribution of both clouds and ram is affected by atmospheric electrification 
and by the prevailing air currents resulting from agencies already mentioned 
Air currents, which predominate where there are large umnterrupted 
stretches of land or water, are sub;ect to considerable fluctuations m islands 
hke Bntain where land is in close proximity to water To all these temporary 
sources of fluctuation we have to add the local one which arises from the 
expansion of water This results in ocean currents analogous to the winds 
These also modify the relative distribution of heat and cold on land and water. 
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Fig 280 

Trade Winds — due to influence of the earth’s diurnal motion on the direction ot 
polar-equatorial convection current 


WETNESS 

Scientific knowledge of chmate could not progress until the characteristics 
of matter in the gaseous state began to be studied The basic experimental 
fact on which wetness depends is that the liqmd state of matter never exists 
by itself It IS always accompamed by the gaseous or vapour state, and the 
relauve amount of the latter depends on the temperature 

This can be illustrated m a general way by the everyday experience of 
evaporation at temperatures far below the boilmg point, and by the fact 
that when air has been m contact with water (i e unless it has been dned by 
passmg over a dehydratmg agent like calcium chloride, sulphuric aad or 
phosphorus pentoxide) it iways deposits moisture on the sides of a vessel 
when cooled sufficiently This happens, for mstance, when warm air comes m 
contact With cold substances which like metals condua or absorb hear very 
effiaently The exact amount of water vapour which a given volume of air 
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can hold at a given temperature can be me^ured by bubblmg dry air through 
water at diiferent temperatures If a known volume of this air is first weighed, 
then thoroughly dned by passmg it over a substance like sulphunc acid, 
and weighed a second time, the loss of weight shows how much water vapour 
It contained 

It IS not necessary to go through this performance every time we wish to 
know the water vapour content of the atmosphere Once we have tabulated 
the quantity of water vapour which a given volume of air will hold at any 
temperature, we have only to cool our sample to the temperature called its 
^^dew pointy' i e the temperature at which it just ceases to hold all the water 
vapour It contams and deposits some of it on the sides of the vessel If we 
want to know the humidity of room air, this is usually done by addmg ice to 
water m a vessel made of aluminium till the bnght metal surface of the out- 
side IS dimmed by deposit of moisture The temperature of the water at this 
point is taken Since our tables tell us how much water vapour a given 
quantity of air will just hold at a given temperature, they tell us how much 
water vapour is contained in a sample of air at the dew point Since the dew 
point IS the temperature at which a sample of air just ceases to hold all its 
water vapour, the water vapour content of the sample is simply the figure 
corresponding to the dew pomt, as given in the tables 

1 he amount of water vapour which a given quantity of air will hold in- 
creases continuously as the temperature is raised This is why the sun dispels 
a morning mist by convertmg the liquid droplets of water into vapour Smee 
water vapour has weight and therefore exerts pressure, we should expect 
that the pressure of water vapour in equilibrium with ordinary water in a 
closed space would also increase continuously as the temperature nses This 
IS easily proved by introducing a drop of water into the stem of an ordmary 
baromeicr The drop rises to the top of the mercury and there evaporates 
If more water is added we reach a pomt where further addition does not 
result m further evaporation Meanwhile die column of mercury has fallen 
somewhat At the point where more w^ater added does not vaporize, the fall 
of pressure represents the pressure of water vapour when the closed space 
of the barometer can hold no more If the barometer tube is surrounded by a 
jacket containing water whose temperature can be varied, it is found that the 
saturation pressure of w^ater vapour measured in this way is greater when the 
temperature is greater 

At the boiling point the saturauon pressure, or as it is more often called 
the ? apour pressurcy of a liquid is the same as the pressure of the atmosphere 
1 he vapour pressure of a fluid at a fixed temperature is constant, and since 
it increases as the temperature rises, the boilmg pomt of a fluid is mcreased 
d the atmospheric pressure is increased and decreased if the atmospheric 
pressure decreases At the top of a mountam the atmospheric pressure is less 
than at sea-level So on a mountain-top water boils at a lower temperature 
than at sea-levcl * At the peak of Mont Blanc it boils at 85® C instead of at 

* Papin, a contemporary ot the Marquis of Worcester and mventor of a steam 
engine ol the Newcomen tne, imenied a “digester” for mcreasmg the external 
pressure, b unable among other uses for cooking according to the authorized rules of 
the art on a high mountam 
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100'’. We can therefore determine the height of a mountain without usmg 
surveymg mstruments, or a barometer as explained on p 381 All we have 
to do is to find the boihng point of water at the summit Tables of vapour 
pressure prepared by the method of Fig 281 teU us the pressure of water 
vapour at the temperature recorded This is the same as the atmospheric 
pressure From it the height can be calculated, or read off from tables of the 
variation of barometer readmgs with altitude 
Generally speakmg, water vapour condenses to form water when the 
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Fig 281 

Hot-water jacket, etc , for finding vanauon of vapour pressure with temperature 


temperature of the air is cooled to the dew pomt This, of course, occurs 
mghtly m hot weather when there is abundant evaporation in the daytime 
and a relatively big fall of temperature at mght In contrast to this fairly 
regular deposition of moisture as dew, the more capncious phenomenon of 
ram depends on circumstances which are not purely local Incommg currents 
of air come from regions where the atmosphere is m contact with a large 
surface of water, and is fully saturated at the temperature of xht place where 
It ongmates The circumstances which control their movements are immensely 
complex, and long-range forecasts of ram depend chiefly on the study of 
how the pressure of the atmosphere is changing over a wide area (see 
p 572) 
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Immediate prospect of ram at any place is also disclosed by the relative 
humidity of the atmosphere This is measured by the ratio 


Actual Water-Vapour Content of the Atmosphere 

Water- Vapour Content of Saturated Air at the Same Temperature 

If the dew pomt has been determmed this can be extracted from tables of 



Fig 282 — Relation of Solubility to the Pressure of a Gas 

1 he figure shows how to find the effect of pressure on the solubihty of gases If we 
wish to know how the solubility of nitrogen or oxygen in water varies with the pressure 
of tlie atmosphere, a measured volume of water for analysis of dissolved gases is 
vigorously shaken with air at various pressures from a high vacuum to 1 atmosphere 
When the tap of the air pump is closed the manometer level is noted When it remains 
fixed at a height p after shaking for some time, the gases dissolved m the measured 
quanuty are m equihbnum with the gaseous contents of the space If the atmospheric 
pressure is P, the gas pressure m the space is P — p This is partly made up of Vt, the 
vapour pressure of v^ater at the temperature t of the shaker Hence the true pressure of 
dry air in equihbnum with the gases dissolved m the water is 

P ~ p - Vi 

Neglect of the vapour pressure of the solvent may give rise to large errors when the 
temperature is high, or the pressure is low At 20° C (temperature of a warm room) 
the vapour pressure of water is 17 4 mm If the atmospheric pressure were 760 mm 
and the manometer readmg (p) were 740 mm , the total pressure m the shaker would be 
20 mm , and the ‘"paruaj pressure"' of the air itself 20 ~ 17 4 = 2 6 mm At 0° 
\apour pressure of water is onlv 4 6 mm , and the same manometer reading would 
signify that the parual pressure of dry air was 20 — 4 0 = 15 4 mm 
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the known water content of saturated air at different temperatures The 
tables tell us what is the 

Water-Vapour Content of Saturated Air at the Dew Point 
Water- Vapour Content of Saturated Air at the Actual Temperature 

A crude estimate of the relauve humidity of the atmosphere can be obtamed 
with a simple device called the wet and dry bulb thermometer This depends 
on a most important physical prinaple which bears on the difference between 
the Newcomen engme and that of Watt The fact that water becomes cooler 



Fig 283 — Wet and Dry Bulb Thermometers 

is It evaporates is a common experience of everyday life apphed in a variety 
of ways Thus water is sometimes kept m porous earthenware to encourage 
evaporation over a large surface, and the sprmklmg of water cools a dry 
room even if the temperature of the water is the same as that of the dry air 
Our bodies protect themselves from heat, and mamtam a constant temperature 
when the surroundmgs arc above blood heat, by ±e secretion of sweat The 
electric fan produces the sensation of cold by blowmg away saturated layers 
of air from the moist skm, although it slightly mcreases the heat of the air 
by friction and sparkmg. For the same reason, the actual temperature of 
summer weather is less important than humidity as an mdicatton of bearable 
heat The wet and dry bulb thermometer is simply a pair of ordmary ther- 
mometers, the bulb of one of which (Fig 283) is enclosed in fabnc dipping 
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into a vessel of water If the atmosphere is very dry rapid evaporation occurs 
on the surface of the wet bulb It is therefore cooled Consequently it 
registers a lower temperature than the dry bulb A large discrepancy between 
the two readings therefore indicates that the atmosphere is relatively dry, and 
that there is no immediate prospect of ram Any such mstrument can be 
empirically cahbrated for fiiture use to determme relative humidity by 
preparmg tables showmg relative humidity for different readmgs of the wet 
bulb when the dry bulb registers a particular temperature 


WARMTH 

Vanations in temperature depend primarily on latitude, altitude, and 
propinquity to water, modified by more capricious factors which depend 
on the direction of the wmd The relanon of latitude to warmth depends on 
the fact that heat, like hght (see p 174, Chapter III), can be transmitted 
through a vacuum The radiating source is of course the sun, and expen* 
ment shows that the intensity of radiation from any fixed source depends on 
the area radiated A slantmg elliptical section cut through a cylmdrical 
beam of sunshme occupies more surface than a circular section cut straight 
across at right angles to its direction Hence (Fig 284) the area radiated by 
a sunshme cylinder of the same dimensions increases north and south of the 
parallel of latitude where the sun lies directly overhead So the same source 
of heal has to warm a larger area This accounts for the broad generahzation 
that It IS hotter withm the tropical belts than it is north or south of them 

In addition, the effect of a radiating source depends on the time of exposure 
The relative lengths of day and night vary (p 196) with season and latitude, 
and the relatibn of latitude to chmate, therefore, involves the number of hours 
of sunshine Near the equator days and mghts are nearly always of equal 
length, and there is no sharp difference between winter and summer Nearer 
the poles the winter days are much shorter and the summer days are much 
longer So the seasonal dispanty of temperature mcreascs with increase of 
latitude as we travel away from the equator 

The effect of altitude and of propmquity to water (or what comes to the 
same thmg — richness of vegetation) depend on the same pecuhanty of heat 
transmission This was not understood till the thermometer was mtroduced 
The Italian meteorologists of the seventeenth century showed that equal 
quantiues of different fluids at the same temperature do not melt the same 
quantity of ice That is to say, at the same temperature equal quantities of 
different substances have different powers of impartmg heat to others at a 
lower temperature Some have a high capacity, i e a smaller quantity at 
the same temperature, or the same quantity at a lower temperature suffices 
to produce the same heating effect Such bodies, if heated from one and the 
same source, gam in temperature more slowly Water has an exceptionally 
high capacity, and therefore takes long to warm up or cool down to a given 
temperature Two results follow from this fact One is that during the day 
in summer the temperature of ±e sea is lower than that of land at sea-level 
The other is that m general the temperature of land at sea-level is subject 
to much greater diurnal vanations of temperature than that of the sea 
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Consequently inland climates are far less equable than the climate of coastal 
areas 

Like the astrolabe or the telescope, the thermometer equips us with 
a more sensmve mstrument than direct sensation for deteamg changes m 
the world, and shows us when the testimony of direct sensation is unrehable 
For mstance, a room is not cooler when we turn on the electric fan Although 
the surface layers of our skm are cooler, the room itself is shghtly hotter 
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Fig 284 — Regional Radiation 

Below, the burning lens shows that the heating effect of converging beams is due to 
Its great surface intensity Above, the surface intensity due to a cyhndncal shaft of 
the same dimensions near the poles is less than it is at the equator 


because of sparking and friction Agam, some bodies “feel cold’* when we 
touch them A fender seems to be colder than a rug at exactly the same 
temperature, provided both are below the temperature of the hand If both 
are above the temperature of the hand the fender is judged to be hotter 
when the thermometer readmg is the same for fender and rug This is 
because bodies differ m their power to transmit heat 
The transmission of heat by radiation can occur through a vacuum 
Transmission of heat by “convection” can only occur withm the substance 
of a gas or of a hquid Sohds transmit heat without free cuculation Such 
transnussion is called conduction Metals are good conductors, and that is 
why they feel cold Common hquids condua heat very httle if the free orcu- 
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lauon of parts, i e the creation of convection currents, is prevented by 
heating them from above instead of from below For mstance, if you tie a lead 
weight to a piece of ice, sink it m a tube of water and apply a flame to the 
upper end of the column of fluid, the latter can be made to boil for quite a 
long while before the ice begms to melt noticeably So if ice were heavier 
than water it would tend to accumulate from winter to wmter at the bottom 
of ponds Air is an especially bad conduaor On that account substances 
which trap air, bke feathers, wool, and fur, protect against loss of heat 

MODERN WEATHER RECORDING 

Durmg the latter half of the mneteenth century weather recordmg was 
revolutionized by the introduction of oceamc telegraphy The Briash 
Meteorological Office was founded in 1854 shortly before Transatlantic com- 
mumcauon was first estabhshed Under Admiral Fitzroy it instituted daily 
telegraphic records from 1860 Wireless telegraphy has smce speeded up and 
vasdy increased the range of observauon It is now possible to map out 
temperature and pressure gradients simultaneously and at short intervals 
over large areas Places with the same temperature are connected by hnes 
called isotherms, and stauons with the same (sea level) pressure are connected 
by Imcs called isobars on maps produced after the lapse of a few hours Hence 
It is possible to see the direction m which more or less stable zones or regions 
of high and low temperature or high and low pressure are moving Falhng 
temperature and falhng pressure indicated by movement of the isotherms and 
isobars forecast ram or cloudy weather If the isotherms and isobars drawn 
on the weather map correspond to equally spaced mtervals of temperature 
and pressure, crowdmg of the hnes mdicates a steep gradient which can be 
taken in at a glance A steep gradient mdicates strong wmds A gentle gradient 
forecasts calm weather 

In making forecasts of the immediate future speaal attention is paid to the 
movements of closed regions of high or low pressure surrounded by a steep 
pressure gradient Low pressure systems of this kmd are called cyclones 
They are assoaated with counter-clockwise air currents m the northern hemi- 
sphere Qosed high pressure regions called anticyclones arc assoaated with 
clockwise air currents in the northern hemisphere The reverse is true of the 
southern hemisphere, because the direcaon of the currents like that of the 
Trade wmds depends on the earth’s axial motion The approach of a cyclone 
as shown by successive weather charts is a signal of storms or heavy ram 

CREATING CLIMATE 

Town folk who live m a community where the weather is pecuharly 
erratic, as it is m Britain or m Massachusetts, may be tempted to underrate 
the value of meteorological science as a gmde to soaal conduct So before 
proceedmg to deal with the measurement of heat changes m greater detail, 
we may pause to notice that the empincal pnnaples which ongmally emerged 
from studymg the weather have given us many useful recipes for creatmg 
our own climate The same pnnaple of convection which underlies the 
circulation of air and ocean currents is applied to the ventilation of mines 
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and buildings or to the design of central heating and hot water systems 
(Figs 279 and 285)* 

The two facts which we have learned about evaporation are the basis of 
refrigeration, which has revolutionized the trade m fruit, meat, fish, and 
o±er penshable commodities m our time A hquid boils when its vapour 
pressure is equivalent to that of ±e surroundmg atmosphere, and can there- 
fore be made to boil by reducmg the external pressure till it is equivalent 



Fig 285 

Simple plan of hot-water system showmg how the ascent of hot water to the bath 
and the descent of cold water from the roof cistern to the boiler m the basement is 
regulated by “convection” currents 

to Its own vapour pressure Since rapid evaporation is accompamed by the 
withdrawal of heat from the surroundings, mtense cold can be produced 
by the rapid vaporization of a hquid under reduced pressure In a typical 
refrigerator machme (Fig 286) a smgle pump alternately sucks out of one 
coil and compresses m a second some readily hquefiable gas like ammoma 
In the high-pressure coil the gas hquefies at the upstroke, and the fluid 
circulates into the second coil which is connected with it ^eedy At the 
downstroke the liquid evaporates m the low-pressure coil The latter is m 
direct connexion with the refngeratmg chamber The high-pressure coil is 
outside so that the heat given out when the gas is compressed is earned off. 
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A further constructive application of the phenomena we have just dealt 
with IS the thermos flask which was invented by Sir James Dewar in con- 
nexion with expenments on the hquefacdon of air The liquefaction of air 
raises a special problem Up to a certain point we can raise the boiJmg-point 
of water by increasing the external pressure The vapour pressure of water 
increases rapidly after 100^ It is nearly 200 atmospheres at 365° Beyond 
this it IS so enormous that no further increase of pressure will raise the 



I iG 280 — Diagrammatic Plan of a Refrigerating Machine 

The pump in the middle sucks animoma gas trom the low-pressure coil through the 
inlet valvw (dnwn like a t>re valve) at the dowTistrokc, and sends it through the outlet 
valve into the high-prvssure voil at the upstiokc The coiuiecting (hjgh-pressure> valve 
does not permit immoma to piss into the low-pressure coil uU tlie pressure is high 
enough to liquefy it, while cold water circulates round u to absorb the heat liberated 
Intense cold is developed in the tank round the low-pressure coil, where the ammonia 
rapidly vapouzes under reduced pressure The tank contams a salt solution (e g calcium 
chloride) which freezes at a temperature well below that of melting ice This cooled 
solution circulates m the storage chamber 


bodmg-pomt Hence it will boil at 366° C whatever pressure is applied to 
It Conversely, steam cannot be condensed mto water by mere applicauon 
of pressure unless it is first cooled below 366° C This is called the criUcal 
temperature of water vapour The cntical temperature of air is about 150° 
below the freezmg pomt of water (i e about — 150° C ) That is to say, no 
application of pressure will liquefy air unless its temperature is brought to 
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this level So making liquid air depends on keepmg it at an exceedmgly low 
temperature 

The thermos flask, as you probably know if you have broken one, is 
essentially a vessel with double walls silvered on their opposite faces The 
mterspace is exhausted, so that no heat is transmitted across it by convec- 
tion or conduction Smee radiant heat, like hght, is reflected by a silvered 
surface, heat transimtted by radiauon from one wall to the other is reflected 
back, thus practically no heat passes from one wall to the other except 
across the narrow junction at the neck 


EXPANSION 

Another empirical prmciple which was studied before the measurement 
of heat was put on a sausfactory basis has numerous apphcations m engm- 
eering, and has become especially important smee the mtroduction of heat 
as a source of power As most of us know, the engme of a motor bicycle 
seizes when it gets overheated A very important consideration m desigmng 
any mechamsm subjected to large changes of temperature is that the parts 
must expand as httle as possible, and to the same extent Otherwise warpmg, 
friction, etc , interfere with its workmg, or lead to rupture through internal 
strams The same difiiculty also arises in the design of all measurmg mstni- 
ments of which the length of the parts must be as nearly constant as possible, 
c g the length of the pendulum of a clock, and m the construction of pipes 
to convey hot water, of railway hnes, and of steel framework of bridges 

In a book called The Philosophy of Manufactures^ published by Dr Alex- 
ander Ure m 1835, we get a vivid picture of the new demands which the 
introduction of steam power as the basis of faaory production made on the 
physical saence of the penod We also see why the leading mdustriahsts 
were enthusiastic m promotmg a type of education different from what 
the older seats of leammg m England provided at the time Ure says 

The umvcrsity man, pre-occupied with theoretical formulae, of httle prac- 
ncal bearmg, is too apt to undervalue the science of the factory, though, with 
candour and pauence, he would find it replete with useful apphcations of 
the most beautiful dynamical and statical problems In physics, too, he would 
there see many theorems bearing golden fruit, which had been long barren m 
college ground The phenomena of heat, m particular, are mvestigated m their 
multifarious relations to matter, sohd, hquid, and aenform The measure of 
temperature on every scale is famihar to the manufacturer, as well as the dis- 
tribution of caloric, and its habitudes with different bodies The production 
of vapours, the relation of their elastic force to their temperature, the modes 
of usmg them as instruments of power, and sources of heat, their most effective 
condensation, their hygrometnc agency, may all be better studied m a week’s 
residence m Lancashire, than m a session of any imiversity m Europe And as 
to exact mcchamcal saence, no school can compete with a modem cotton-miU 
When a certam elevauon of temperature is made to give pliancy to the fibres 
of cotton or wool, the philosophical spmner sees the influence of calonc m 
impartmg ductihty and elasticity to bodies The thermometer to mdicate the 
temperature, and the hygrometer the humidity of the air, give him an insight 
mto the constitution of nature unknown to the bulk of mankmd Of the different 
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dilataaons of different sobds by increments of temperaturcj he tos daily 
experience in the elongation of the immense systems of steam-pipes which beat 
his mill apartments, often extendmg 300 feet m a straight hne. On this scale, 
the amount of the expansion^ and contraction, needs no micrometer to 
measure it, for it is visible to the eye, and may be detennmed by a carpenter’s 
rule 

One of the most flourishmg mdustries at the time of the Enghsh Industnal 
Revolution of the eighteenth century played an important part m the demand 



ViG 287 — Compensating for Expansion in Clocks 

The reliability ot clocks of any kind would be alfected by seasonal temperature changes 
it no allowance were made for the heat expansion of metals The mercury compen- 
sated pendulum (a) depends on the fact that the effective length of a pendulum is 
approximately from the point of suspension to the mass centre of the weight If the 
latter is a small vessel of mercury, expansion of the latter shifts the mass centre upwards, 
while that of the rod shifts it downwards By using a vessel and quanury of mercury of 
suitable dimensions the two effects cancel In the grid iron pendulum (b) the gnd is 
made of rods of different metals, the one represented as black havmg a higher coefli- 
aent of expansion than the other, which is shaded The grid arrangement is such as 
to make the expansion of die former lift the weight upwards, while that of the latter 
lowers It If the dimensions are suitably adjusted the net result is that the length does 
not change The balance wheel of a hair sprmg watch regulator (c) is also made of 
concentric strips of metals with different coefticients of expansion The outer one 
expands most, mcrcasing the curvature of the rim, and thus compensating for the 
expansion of the spring 
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for saentific knowledge of heat Besides making many experiments m 
chemistry and mamtaimng an active mterest m geology m the search for 
suitable materials m the ceramic mdustry, the great master Potter, Josiah 
Wedgwood, applied himself to devising thermometers suitable to with- 
stand temperatures at which glass melts The immediate need which prompted 
these researches was the detenmnation of the degree of bakmg required for 
different quahues of earthenware and chma products His paper on “The 
Pyrometer or Heat Measunng Instrument,” pubhshed m the Philosophical 
Transactions of the Royal Society y earned him his election as a Fellow, and 
was followed by a series of commumcations on the same general theme 
Various arrangements are devised to guard agamst displacements and 
distortions ansmg from expansion In any case the important thing is to 
know m advance how much expansion can occur As already explamed, the 
expansion of gases is measured by their change m volume A gas expands 
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Fig 288 

One type of Expansion Joint used for hot water pipes has the gap between the 30 med 
ends surrounded by a double collar separated by two rubber rings (black) which make 
the }uncuon watertight, while allowing the two collars to shde freely lengthwise when 
made to expand by heat 

by about 273 of its volume at O'" C when its temperature is raised 1 ° C So 
the gas contamed m a cyhnder of uniform bore will be mcreased by the same 
amount, i e approximately 4 in 1,000 per degree if its imtial volume is 
measured at 0 ° C This figure or approximately 0 004, is called its 
coefficient of expansion The expansion of hquids is measured m the same 
way Thus alcohol expands by about 0 0009 and mercury 0 0002 of its 
volume at 0 ° C per degree So an air thermometer of the same dimensions 
IS about 20 times as sensitive as a mercury one The expansion of sohds is 
usually measured m umts of length The coefficient of expansion of zmc 
IS 0 00003 That is to say, the length of a bar of zmc mcreases by 0 00003 of 
Its length at 0 ° C for an increase of one degree Centigrade This is a very 
high value for a sohd The coefficient of expansion for glass is only 0 000008 
For platmum it is 0 000(X)9, for cast iron 0 00001, and for brass 0 00(X)2 
Smce brass expands twice as much as iron, it is obvious that a brass piston 
encased m an iron cylinder would soon seize if heated 

Of the various devices to meet problems of this kmd some innovations 
have arisen out of studymg the properties of alloys The most important 
discovery has been the iron alloy called which contams 36 per 

cent mckel Invar has a coeffiaent of expansion less than 0 0000001 , 1 e an 

T 
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increase of ten degrees only increases the length of a bar by one milhonth 
of its length at 0° G So for most practical purposes its length is mvanable, 
and Its use will supersede some of the mgemous arrangements which have 
been mvented to safeguard agamst the effects of expansion Needless to 
say, the choice of any standard of length for scientific or commercial pur- 
poses imphes a speoficauon of the temperature Thus the mtemauonal 
standard metre is the distance between two fines ruled on a bar of platmum 
iridium alloy at 0° C The bar is deposited m the national archives at Sevres, 
so that the fundamental unit of distance can be detenmned at any tune 

NOTEWORTHY TEMPERATURES 

A few examples will illustrate the range of temperature encountered m 
everyday expenence The mean temperature of the North Pole in January is 
about — 41*" C The temperature of the flame of an ordinary spirit lamp or 
Bunsen burner hes between 1,700° and IjOOO'^C The flame of iie oxyacetylene 
burner often mentioned m crime fiction as part of the cracksman’s outfit is 
3,000° C Bodies begm to become just visibly red hot at 526° C The tem- 
perature of white heat is between 1,300° and 1,400° C The normal tem- 
perature of the human body is approximately 37° C or 98 4° F, That of a fowl 
IS approximately 42° C Among boilmg pomts, that of ammoma is — 33 5° 
C (i e It would hquefy in the polar wmter), that of ether is 34 6° C (i e it 
will boil m a room kept at blood heat), that of ethyl alcohol is 78° C , of 
turpentme 159° C , and of mercury 357° C Ethyl alcohol freezes at — 1 14° C , 
and mercury at — 38 9° C , hence an alcohol thermometer is more suitable 
for polar exploration than a mercury one Tm melts at 232° C before it 
is red hot, and mdeed httle above the boihng point of turpentme Copper 
melts at 1,083° C , i e before it is white hot Iron melts at 1,530° C , and 
can just be made white hot without meltmg Tungsten melts at 3,400° C , 
above the temperature of the oxyacetylene flame, and just below the temper- 
ature 3,500° C of the crater of the carbon pencils m the electnc arc lamp 
It is therefore very smtablc for makmg lamp filaments Good butter melts 
at about 30° C , below blood heat, and paraffin wax between 40° and 60° C 
accordmg to the quahty, i e just above blood heat 

For ordinary thermometers m which the hquid is mercury or alcohol 
(usually coloured to make it more visible) the range is between — 114° C , 
tlic freezing point ot alcohol, and + 357° C , the boihng pomt of mercury 
I he range ot an air thermometer is much greater, smee air continues to 
expand unilbrmly through about 1,000° A hydrogen thermometer is 
reliable over a wider range because of its low freezmg pomt Hydrogen 
cannot hquefy until it is cooled to — 234 5° C , and expands with compar- 
ative uniformity up to + 1,100° C To register temperature beyond these 
hraits as, eg, the temperature of the electnc furnace, the property of 
expansion is useless, and the observed effects of heat on other physical 
properties of matter, e g electrical resistance, are used 

THE IMPORlANCE OF GLASSWARE 

Readers of detective fiction will be familiar with the threefold formula 
by which crimes are run to earth In saence the means, the opportumty. 
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and the moove are interdependent and equally necessary for substantial 
progress At different places m this book a writer with access to different 
materials might well have chosen to dwell upon a different aspect of the 
complex social structure m which scientific enquiry is involved The course 
most commonly accepted is to emphasize the opportumtm created by wealthy 
patrons of learned academies In the earher part of this book more attention 
has been paid to the motive^ that is to say, to new social needs which 
suggest new problems for enquiry Here and there the part played by im- 
provements in glass manufacture have been mentioned as new means of 
discovery m optics, astronomy, and medicme 
Common threads of opportumty, of means, and of motive, run through 
optics, chemistry, hydrostatics, and heat measurement, in the last decades 
of the sixteenth century and in the first half of the seventeenth century, 
when the centre of mtellectual gravity was shifang from Italy to Britam, 
Holland, and France The academies which began m Italy have been 
mentioned in several contexts The soaal motive supplied by the needs of 
navigation has been abundantly illustrated, and m this chapter special 
attention has been paid to the stmiulus which the early study of heat 
received from meteorology during a period when scientific mterest in 
navigauon was actively encouraged by the State Another feature of the 
common background of chemistry, optics, hydrostatics, and thermometry, 
illustrates the coincidence of the motive with the means and with the 
opportunity Medicme became a socially organized profession in the early 
sixteenth century (see p 789) Assuchitprovidednewopportumuesof instruc- 
uon and research mto problems which were not themselves new Other 
soaal circumstances created the means for solving them Two new devices 
which invested medical research with new powers were the outcome of a new 
level m glass technology This fact may throw some hght on the saentific 
pre-emmence of Italy between 1550 and 1650 
Glass IS an mvenuon of great antiquity So it is easy to forget three thmgs 
about the place of glass in the history of science Ancient glass was made 
for ornament As such it was valued less for its transparency than for its 
tint In antiquity it was always a costly luxury Thus the quahues which 
we admire m Roman glassware are precisely the qualities which make it 
useless for scientific mstruments to record fluid level with accuracy, or to 
examme changes of colour or consistency That Vemce was the Mecca of 
the European glass manufacturers in the sixteenth century is not irrelevant 
to the fact that Italy took the lead in the mvention of the barometer and of 
the thermometer Venetian glass manufacture goes back to Roman times, and 
the imtial impetus to its revival in the thirteenth century was the expandmg 
prospenty of the Venetian mercantile classes By the end of the fifteenth 
century glass had assumed a new use The avilization of northern Europe 
was progressmg apace Prosperity in the Mediterranean could dispense with 
glass wmdows, as it had dispensed with wheel-driven clocks Northern Europe 
could make httle progress from Nordic savagery till glass wmdows replaced 
the sombre shts which we still see m the massive stone castle walls of the 
robber barons Like the clock, glass wmdows were probably confined at first 
to churches and monastenes By 1450 the prosperous burghers of England 
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equipped with them By 1550 the Itahan glass 
tfflJe was a ffeat comcraal asset. At the time when Italian science began 
^LrLJnew social demand for g/ass had made it a necessity of every- 
day life, and bad set a new standard of transpatency Glass was booming 
reJaovely cheap, and therefore accessible for scientific work At the same 
tunc It was now vaJued for the quality which makes it suitable for scientific 
use After 1620, when Hint glass of high transparency was invented in 
England, Englishmen carried on and eclipsed the Itahan tradiaon of science 
The importance of the glass thermometer as a new mstrument of diagnosis 
in medicine incorporated the study of heat withm the medical curriculum 
of the universities The next great advance in heat measurement was made 
by Joseph Black, a professor of medicme in the University of Glasgow The 
social context of Black^s researches has been touched on in Chapter VIII, 
where reference was made to the rapid industrialization of Scotland after 
1745 Coalmmmg was an expanding mdustry, and the Newcomen pump 
had lately been introduced into Scottish collieries In repairmg a model of 
the Newcomen engine for use in connexion with Black’s lectures, James 
Watt, a young technical assistant, was led to an invention (p 429) which 
revolutiomzed the conduct of industry This invention made Black’s 
researches a turnmg-pomt in the history of science 


EXAMPLES TO CHAPTER XI 

1 If “normal” body temperature is 98 4° F what is it (a) on the cenUgrade 
scale, (b) on the absolute scale, and (c) on the Reaumur scale (freezing pomt of 
water O'" and boiJmg point 80*^ R ) > 

2 Convert — 4*" C and 105^ C to the Fahrenheit scale and 20° F and 
2 14° F to the cenUgrade scale 

3 Find roughly at what temperature water will boil at the top of Mt Blanc 
(16,800 feet) and Ben Nevis (4,400 teet) if the mercury barometer falls roughly 
1 mch for 1,000 feet ascent, and if the vapour pressure of water increases 
approximately as follows with rise m temperature bo°C , 15 cm , 70° C , 2 1 cm , 
80° C , 35 cm , 90° C , 52 cm , 95° C , b 1 cm 

4 On successive occasions the shaker of the apparatus shown in Fig 282 

15 exliaustcd till the difference in mercury level of the pressure gauge is 74 5 cm 
at 1° C , 74 cm at 9 5° C , and 74 1 cm at 23° C The vapour pressure of 
water is approximately 0 5 cm at 1°, 0 9 cm at 9 5° C and 2 1cm at 23° C 
The percentage of oxygen by volume in dry air may be taken as 2 1 per cent 
If the atmospheric pressure was 7b 25 cm , what was the parual pressure of 
oxygen in equilibrium with dissolved gas in each case> 

5 A cylinder m verted over water encloses 200 c c of oxygen at 20° C when 
the level of water mside and outside is the same The mercury barometer reads 
74 cm , and tables give for the vapour pressure of water at 20° C 1 74 cm Use 
Henry’s law (p. 449, Chapter IX) to calculate the volume of dry oxygen at S T F 
(0° and 7b cm ) 

6 Make a graph of the vapour pressure of water from the followmg data 
1° C 4 9 mm^, 5° C 6 5 mm , 10° C 9 2 mm , 15° C 12 8 mm , 20° C 
17 5 mm , 25° C 23 7 mm Hence find the relative humidity of (a) air at 

16 5° C when its dew point is 9 2° C , (b) air at 21° C when its dew point is 
19° C 
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7 An ordinary steel metre scale agrees with an “mvar” rule at 0° C and the 
coefficient of Imear expansion of the metal is 0 000012 What would be the 
length of a piece of glass found to be 79 51 cm with the ordmary steel scale 
at 150"^ C , if measured with the “mvar” rule? 

8 If the coefficient of linear expansion for copper is 0 0000 17^ find how big 
a gap must be left between the ends of two copper bars, each one metre long and 
with the middle fixed, to allow for expansion over a range of 50° C above the 
temperature at which they are fixed 

9 If the length of the tubular railway bridge across the Menai Straits is 
4b 1 metres, find how much the total length of steel varies between — 6° C 
and + C (Take the coefficient of expansion as 0 000012 ) 

10 The coefficients of linear expansion (mcrease m length per unit length 
per degree centigrade) of brass and steel are 0 0000187 and 0 000011 If the 
length of two rods of brass and steel respectively are 1,500 and 1,502 mm at 
0 ’ C , to what temperature must they be heated to make them the same length 
exactly^ 

1 1 A bridge is constructed from 10 girders 60 feet long made of steel whose 
coefficient of expansion is 0 000012 per degree centigrade It has to stand a 
winter temperature which may sink as low as 15° F and a summer temperature 
in the sun of 130° F What must be the length of the gap between each girder at 
the lower temperature ? 

12 For every twenty miles of steel rails laid down at 37° F , what will be the 
total length of the track if the gaps are just sufficient to allow for a summer 
temperature of 120° F ? Take the coefficient of Imear expansion for the rails 
to be 0 000012 

13 A brass pendulum has a half period of 1 second at 15° C How much 
will It gam or lose per day if kept at a temperature of 22° C ? 

14 If the density of mercury is 13 596 at 0° C and its coefficient of cubical 
expansion is 0 000182, calculate the error m readmg a mercury barometer at 
10° C and 25° C when the true atmospheric pressure is equivalent to a column 
of mercury 76 cm at 0° Neglect the expansion of the glass 

THINGS TO MEMORIZE 

1 Temperature F = | (temperature C ) -j- 32° Temperature Reaumur 

t (temperature C) 

2 Relative humidity at T 

_ Mass of water vapour m given volume of air at T 
Mass of water vapour m same volume of saturated air at T 

_ Pressure of water vapour m air at T 
Pressure of water vapour in saturated air at T 

If the dew pomt of the sample has been found, then 
Relauve humidity at T 

_ Mass of water vapour m saturated air at dew pomt 
Mass of water vapour in saturated air at T 



CHAPTER XII 


THE DARK SATANIC MILLS 

The Superfluity of Mere Toil 


The invcniion of the steam engme as a pumpmg device took place in the 
closing years of the seventeenth century The newly-formed Royal Society 
in England took a conspicuous part both in its theoretical and practical 
development During the succeeding half-century, which mtervened between 
the patents of Savery and Newcomen on the one hand and the fruitful 
partnership of Boulton and Watt on the other, the adventurous hopeful- 
ness of early English capitahsm dechned, and the temper of academic 
science gravitated away from the ongmal intention of the charter to promote 
(as Sprat tells us) ''a continuous succession of inventors In the next stage 
of the theory and practice of power production the scene shifts to Scotland 

Dr Jolmson, who poured contempt on Milton’s attempt to mtroduce 
the tcachmg of science durmg his short employment as a schoolmaster m 
Aldcrsgate,^ once remarked that education m Scotland is like food m a 
beleaguered city where everyone has a little and no one has enough Time 
will come when Johnson will be remembered, if at all, for his meptitudes 
1 he first half ot the eighteenth century was a decadent period m the history 
ot English soual culture Saentific enquiry languished when concern for its 
“true and lawful goal” was relmquished Speaking of Birmmgham m 
Boulton’s boyhood, Dickinson (Matthew Boulton) remarks “Here as else- 
where m the country the decay m educational foundations that we find so 
commonly in the eighteenth century went on almost unchecked ” Mean- 
while Bnush science renewed its youth m Glasgow and Edmburgh, where 
Dr Black was the most noteworthy of several pioneers of modern science 
BcU\ccn the period ot Newton, which immediately followed a rapid exten- 
sion of educational faciliaes, and that of Davy, Dalton, and Faraday, recruited 
trom a new fund of social personnel, Scotland mamtained the predommance 
of British science when England could chiefly boast of a plethora of prosaic 
literati j* Perhaps the VC'elsh, who are now domg important work on pastur- 
age, will be able to sustam British self-respect until we have the sense to 
raise the school age and provide free university education 

The debt of British science to John Knox as the pioneer of universal 
education is a theme which ments more attention than has been given to it 
Between tlie Act of Umon and the repeal of religious tests in the Enghsh 
umversiLies the higher seats of learmng m England remamed the preserve of 
a small social class w^ith a narrow cultural outlook The task of supplymg 
man power for the professional services m the colonies largely devolved on 
the Scottish umversities The latter could thus provide a quahfication which 

* Dr Johnson's Livti of the Poets 

t Cavendish illustrates the adage that one swallow does not make a summer 
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was a safe conduct to professional employment Higher education in Scotland 
received a powerful impetus from the agranan and Industrial Revolution in 
progress at ±e time when Watt undertook his first experiments, financed by 
Black Smiles {Lives of the Engineers — Boulton and Watt) refers to the 
influence of Black m the following passage 

Among his other experiments, he {Watt) constructed a boiler which showed 
by mspection the quantity of water evaporated m any given time, and the 
quantity of steam used m every stroke of the engine He was astonished to 
discover that a small quantity of water m the form of steam heated a large 
quantity of cold water mjected mto the cylinder for the purpose of coolmg it, 
and upon further exammation he ascertained that steam heated six times its 
weight of cold water up to 212% winch was the temperature of the steam itself 
“Being struck with this remarkable fact,’’ says Watt, “and not understandmg 
the reason of it, I mentioned it to my friend Dr Black, who then explamed 
to me his doctrme of latent heat, which he had taught for some time before 
this period (the summer of 1764), but havmg myself been occupied by the 
pursuits of busmess, if I had heard of it I had not attended to it, when I thus 
stumbled upon one of the material facts by which that beautiful theory is 
supported ” When Watt foimd that water, m its conversion mto vapour, 
became such a reservoir of heat, he was more than ever bent on economizmg 
it, for the great waste of heat, mvolvmg so heavy a consumption of fuel, was 
felt to be the pnncipal obstacle to the extended employment of steam as a 
motive power He accordmgly endeavoured witli the same quantity of fuel, at 
once to mcrease the production of steam, and to dimmish its waste He in- 
creased the heatmg surface of the boiler by makmg flues through it, he sur- 
rounded his boiler with wood, as bemg a worse conductor of heat than the 
brickwork which surroimds common furnaces, and he cased the cylmders and 
all the conductmg-pipes m materials which conducted heat very slowly But 
none of these contrivances were effectual, for it turned out that the chief 
expenditure of steam, and consequently of fuel, m the Newcomen engine was 
occasioned by the re-hcating of the cylmder after the steam had been condensed 
by the cold water admitted mto it Nearly four-fifths of the whole steam 
employed was condensed on its first admission, before the surplus could act 
upon the piston 

In other circumstances the researches of Black might have remamed un- 
known The doctrme of latent heat, which will be explamed in this chapter, 
was never published m a pnnted form by its author, who announced it verbally 
m a paper read to the Newtoman Society of Edinburgh m 1762 Its mfluence 
on the mvennon of the new engme illustrates both aspects of the umty of 
theory and pracuce m scientific progress The other side of the relation is 
mdicated in the foUowmg passage from Prosser’s book on Birmingham 
Inventors It refers to John Southern Like Murdock, who was a medallist 
of the Royal Society, Southern was an employee m the Soho firm, and, 
like Watt and Boulton themselves, was a Fellow of the Royal Society Southern, 
says Prosser, 

was an excellent mathematician and very useful to Watt m that capacity His 
researches on the elasticity, density and latent heat of steamy which were under- 
taken at Watt's request m 1803, were for a long time the standard authonty on 
the subject They were prmted m Brewster’s edition of Robmson’s Mechamcal 
Philosophy, 



584 Science for the Citizen 

The close connexion between Scottish theory and English pracuce during 
the critical years of the Industnal Revolution is also illustrated by the business 
relations of Boulton with Small, Roebuck, and Keir (pp 424-438) Boulton 
and Watt were both elected Fellows of the newly-formed Royal Society of 
Edinburgh before they were admitted (1784) as Fellows of the parent body 
m London Wedgwood was elected about the same time m recogmtion of 
researches on heat measurement at high temperatures undertaken to ascertain 
the correct method of bakmg his pottery products His relations with the 
Edmburgh Soaety are mdicated m the ensumg passage from Smiles’ Life of 
Josiah Wedgwood 

Wedgwood sent his first paper to the Royal Society on May 9, 1782 His 
paper was entitled, “An attempt to make a Thermometer for measurmg the 
higher degrees of Heat, from a red heat up to the strongest that vessels of 
clay can support ” A few months after his paper had been read at the Royal 
Society, Mr William Playfair, an Edinburgh Professor, wrote to Mr Wedg- 
wood the followmg letter (London, September 12, 1782) “Sir — I had the 
pleasure of bemg present at the readmg of your very ingemous paper on your 
newly-mvented Thermometer before the Royal Society last sprmg, and of 
)Oimng m the general satisfaction that such an acquis luon to Art gave all 
present I have never conversed with anybody on the subject who did not 
admire your Thermometer, and considered it as bemg as perfect as the nature 
of things will admit of for great heat, but I have joined with several m wishmg 
that the scale of your Thermometer were compared with that of Fahrenheit’s 
(so umversally used for small degrees of heat), that without learnmg a new 
sigmfication, or affixmg a new idea, to the term Degree of Heat, we might avail 
ourselves of your useful mvention The method proposed in the enclosed paper 
occurred to me as one applicable to this purpose, and I lay it before you with 
all deference to your better judgment of the subject I should be glad to know 
where I could purchase some of your Thermometers, as I can get none here in 
town — I am, sir, with much regard, your most humble servant — William 
Playfair ” Wedgwood followed Mr Playfair’s advice In his next papers, sent 
to the Royal Society, he gave a reduction of the degrees of his Thermometer to 
Fahrenheit’s scale, from which it appeared that the greatest heat he could 
generate m a small furnace coincided with many thousands of degrees of 
Fahrenheit — the scale of heat which was registered by his Thermometer being 
about thirty-four times as extensive as that to which the common Thermo- 
meters could be apphed 

Through Black, Watt was brought into touch with Roebuck, whose 
pioneer activities m the manufacture of sulphunc acid at Prestonpans 
placed him in the forefront of Scottish industrial enterprise While he 
was occupied in developing the Carron Ironworks m Stirhngshire, Roebuck 
supphed capital for the new mvention The venture was a failure owmg 
to defects of workmanship Practical success did not crown the efforts 
of Watt until after a visit to Binmngham (page 429) He was mtroduced 
to Boulton by Dr Small, a Scots physician who was a close friend of 
Benjamm Franklm The renowned partnership began m 1775 

A demand for the products of Boulton and Watt came first from the mines 
and then from Pottenes where the Newcomen engmc was already m use. 
When Watt took out his first patent m 1769, there were already, accordmg 
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to Hammond^ “a hundred of Newcomen’s engmes at work m Northern 
colheries alone ” Successful construction of engmes of the new design did 
not begm till seven years later Hammond tells us: 

In 1776 engmes bmlt on Watt’s principle were for the first time actually at 
work Like Newcomen’s engine they worked a rod up and down and 
were suitable only for pumps or for blowing bellows The mam demand 

for the engmes came from the tm and the copper mmes m Cornwall where work- 
ings were deep, fuel scarce or dear 

About this time mechamzation on the basis of water power was taking a 
decisive step forward in the textile industry Several inventions connected with 
the spinmng of fibres into thread ready for weaving coincided independently 
with the invention of the Watt engine, and prepared the way for usmg steam as 
a source of power m the factory One was Arkwright’s “water-frame,” 
patented in 1769, to produce yarn smtable for the warp by using water 
power Crompton’s mule (1779) served the same end, and was likewise 
adapted to use of water power These and o±er new spinmng devices rapidly 
Jed to mechamzation and factory production which extended more slowly to 
weavmg after the invenuon of Cartwright (1785), whose power looms only 
came mto use after successive improvements from 1803 onwards The 
response of the textile mdustry is illustrated by the fact that, according to 
Hammond, it absorbed 114 out of 325 engmes produced during the first 
twenty-five years of their partnership by Boulton and Watt 

Burke spoke of Birmmgham m his day as the “toy shop of Europe ” 
John Leland, who visited “Bermigham” m 1538, already noted that “a 
great part of the Towne is mamtamed by Smithes who have their Iron and 
Sea-cole out of Staffordshire ” Small metallic articles, such as buttons, 
buckles, candlesticks, medals, and so forth, were promment articles of its 
produce m the late seventeenth century, and such “toys,” as this class of 
goods were then called, were the output of Boulton’s factory The Newcomen 
engme had been adapted already (see p 429) to produce rotary power by 
pumping up water for a mill wheel in the Potteries Boulton conceived 
the same plan for his hardware factory It had also been used m Scotush 
metallurgy The direct connexion of the piston with a wheel was not 
patented till 1781 Thenceforward steam was available for any mdustrial 
operations based on factory production That the need, which prompted the 
Staffordshire Potters or Boulton himself to prepare the way for steam-driven 
machmery by graftmg the Newcomen pump on the pre-existmg technology 
of water power, did not emerge m the more widely distributed industry of 
clothmg, IS not surprismg At this time the textile industry had no direct 
affihations with the minmg interests, nor had it an immediate need for much 
fuel Hence it could not serve to bring the problems of pumpmg and motion 
mto the same technological context When dus happened technical mvenuons 
conspired with pohtical events to stimulate the main demand for steam 
power in textile manufacture 

In the first half of the eighteenth century local English manufacturers 
were still hampered by the monopohstic wealth of the great chartered 
companies Although restriction of monopohstic privileges had been one of 
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l iG 289 — An Early Watt Model (diagrammatized) 

Although Vi att’s onginal intention had been to use the direct expansive power of 
compressed steam, his engme was really an atmospheric engme, smee the pressure 
of steam m the boiler was barely m excess of atmospheric pressure The drivmg 
force, as m Newcomen’s engine, was the creation of a partial vacuum, but this was 
brought about by the condensaDon ot the steam m a separate condenser kept contmu- 
ally in cold water, so that tlie piston was kept as hot as possible durmg the entire 
cycle Hence no energy was wasted m making steam to heat up the piston cylmder 
alur each stroke hor simplicity, die condenser where the steam liquifies and the 
pump to suck off the water which thus collects in it are drawn as one unit Compare 
this with Newcomen’s Eire Engme (Fig 274) The earliest Watt engmes were sold for 
pumping like Newcomen’s The mme pump rod was attached to a wheel for pro- 
ducing rotary motion m the “Sun and Planet” Patent of 1788 
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the cardinal sources of conflict widi the Crown m the penod which preceded 
the first Revolution of Stuart tunes, the power of the great colonial trading 
interests emerged mtact from the pohtical struggles of the seventeenth 
century The finanaal and mercantile ohgarchy of London exerased a 
powerful influence m Parhament, and the power of Parhament could still 
be used to secure monopohes which hanthcapped local mitiauve The great 
wealth of the ‘‘Nabobs” created a fashion for the silks and o±er fabnes of the 
East India Company, and so stimulated a demand which the Enghsh clothier 
could not hope to satisfy A contmual conflict went on between local manu- 
facturers and the monopohes In 1700 the former succeeded m gettmg an 
Act passed to forbid the import of cotton goods already prmted and dyed, 
and in 1721 another Act prohibitmg importauon of goods exclusively com- 
posed of cotton for prmtmg and dyemg In spite of these mmor victories the 
fashion for Indian textiles persisted Dunng the War of Independence the 
American middle classes were m one sense fightmg the batde of the small 
Enghsh manufacturer as well as their own Their success, which dealt a 
decisive blow to the old impenahsm, was also a prelude to the nsmg political 
power of local Enghsh manufacturers The successive impeachments of Warren 
Hastmgs and Lord Qive m the two decades which followed the begmmng 
of the War of Independence and of the partnership of Boulton and Watt 
were pubhc obituaries on the prestige of the great merchant monopohes 
The ethical vehemence with which nascent humamtarian sentiment of the 
ume was enhsted to expose the ill-gotten gams of the Nabobs imght have 
been adapted to expose abuses nearer home, if it had not been usefully 
employed m makmg aesthetic fashions immical to manufacturmg interests an 
object of moral obloquy 

Durmg the penod of more mtensive mechanization m textile production, 
the Potteries were active m promotmg a transport revolution, which began 
with the construction of a canal between Manchester and the Duke of 
Bridgwater’s coUiery at Worsley m 1760 The new canal system, which grew 
to meet the needs of a rapidly expandmg volume of commodities, and the 
colheries, where the use of steam power had been so long established, were 
chiefly responsible for the mtroduction of steam-driven transport Symmgton’s 
steamboat launched on the Forth and Qyde Canal m 1802 was the first of 
Its kmd In the collieries the need for smooth roads smtable for heavy traffic 
had been solved by putting down iron rails for horse-dnven trucks, and the 
first steam locomotive was tried out on one of these truck railroads at Merthyr 
Tydvil m 1804 In 1819 the first steamship crossed the Atlantic A goods line 
between Stockton and Darhngton was authorized by Parhament two years 
later, and was opened m 1825 In 1830 a passenger Ime between Liverpool 
and Manchester imtiated the modern Enghsh railway system, the main 
features of which were blocked out by 1848 

The Newcomen mechamsm was not adapted to rotary motion and, there- 
fore, to the needs of factory production It was necessarily slow and neces- 
sarily wasteful Steam had to condense m the piston cyhnder at each stroke 
and could not refill the cyhnder all the latter had been heated up agam This 
used up time and fuel In the Watt patents and m all subsequent steam 
engmes, steam condenses m a separate chamber. There it is prevented from 
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cooling much below the temperature at which it will just pass into the liquid 
state, and returned to the boiler with as little loss of heat as possible No fuel 
IS wasted m continually heating up the piston cylinder or contmually brmging 
a large volume of water to boiling point The introduction of the separate 
condenser therefore made an engine dependent on atmospheric pressure 
more rapid, more economical, and — for both reasons — better adapted to 
produce rotary motion For this it was only necessary to connect the piston 



Fig 200 — Tiir Railroad Systlm in Agricola’s Treatise 
I n medieval times wooden rails were already used for trucks at the pithead owing to 
inferior technique of road making 

rod to a crank or eccentric Owing to the existence of a patent which pro- 
tected the crank, the first rotary engines of Boulton and Watt had recourse 
to more complicated devices such as the “Sun and Planet*’ gearmg 
Watt s original intention, based on Black’s teaching, went much further 
than this In the Newcomen engine and in Watt’s modification with the 
separate condenser, steam was used to create a vacuum The effective force 
of the stroke was hmitcd to the pressure exerted by the atmosphere At 
atmospheric pressure the volume of steam created is about 1,600 times that 
of the boiling water which produced it Hence very high pressures can be 
generated when water is heated to boiling point in a confined space Watt 
realized that an engme of a given size and fuel consumpnon would generate 
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more power if the direct pressure produced by the expansion of compressed 
steam acted on the piston in both directions His attempts to construct an 
engme which would use the full force of expanding steam at each stroke 
were defeated by inferior technique of machine construction These diffi- 
culties were finally overcome by Trevithick’s engine, introduced about the 
year 1800 In modern engines which use the direct power of steam, the latter 




Fig 291 — Double-Acting Engine 

In the double-acting engme which uses direct steam pressure the slide valve which 
alternately lets in steam at opposite ends of the piston is worked from the main shaft 
of the fly wheel by an “eccentric ” For clarity a simple lever attachment is here 
shown The mertia of the fly wheel carries the piston back or forward during the 
short interval when the steam is shut off completely at the end of the back and for- 
ward strokes The joints to permit lateral displacement ot the rods are not shown 


IS let in and shut off alternately (Fig 291) by smtable valves placed at opposite 
ends of the piston cylinder 

Nowadays we are all aware that the body uses more fuel in cold weather 
and when performmg hard work So it is easy for us to see that the New- 
comen engme was trymg to face the rigours of an arctic winter on an unem- 
ployed ration for food and clo thin g Commonplace truths of an age when 
calories crop up m parhamentary debates or in the columns of housekeepmg 
journals were new ffieoretical discoveries m the eighteenth century We take 
It for granted that it is the busmess of an engineer to draw up a balance 
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s^eet of fuel consumption and power. Nobody did so m Newton's tunc 
Watt’s engines were at once the offspnng and the parent ofscientinc know- 
ledge which Newton and his contemporaries did not share 


THE MEASUREMENT OF THERMAL EQUILIBRIUM 

The achievement of Watt was made possible by researches which for the 
first time clearly estabhshed the prmciple of thermal eqmhbnum and the 
effect of heat on the change of state from hquid to vapour Black’s mvesti- 
gations, which will now be described, were the dawmng recogmtion of one of 
the most revolutionary, though simple, conclusions of modern science It 
IS now called the conservation of energy In simple language this means that 
if we measure each kmd of change m suitable umts, there is a fixed relation 
between the amount of change of one type which gives rise to a certam 
amount of change of another type The recogmtion of this umversal truth, 
which now links all branches of natural knowledge together, rests on dis- 
covering suitable ways of measuring the various kinds of changes which we 
classify as heat, light, chemical, mechamcal, electrical, etc , accordmg to 
their direct or combined effects 

1 0 Black’s researches we owe the fundamental pnnaples of a balance-sheet 
between the source of heat and the use of heat Costmg heat production 
and fuel consumption mvolves two classes of measurement The first is 
temperature When two bodies at different temperatures arc brought 
togetlier, each suffers a change which continues till both register the same 
temperature This is essentially what we mean when we speak of the flow 
of heat, and we shall take it as a defimtion of what we mean by thermal 
change Water at exactly O'" C has not the power to melt ice at 0" C Water 
at 100“^ C has The temperature of a body thus mdicates whether or not 
It has the power to change its surroundmgs m particular ways For this 
reason we may say that temperature measures the potential of thermal 
change Thermal change also mvolves a second class of measurements called 
the heat capacity of a system Since different quanuties of water at 100° C 
w ill melt different quantiUes of ice, the heat potential of a body, i e its 
temperature, is not suffiaent to tell us how much change it will brmg about 
Tins also depends on how large it is and on the nature of the substance 

In the previous chapter we have seen how this was first (p 662) estabhshed 
half a century before Black’s work began The Itahan meteorologists had 
shown that equal quantities of different substances at one and the same 
temperature, let us say 100° C , will melt different quantities of ice Similarly, 
if we mix the same quantity of water at, let us say, 6° with equal quantities 
of other substances at 100°, the final temperature when both constituents of 
the mixture are brought to the same temperature is different for different 
substances It the same source of heat (e g a hot plate at constant temper- 
ature apphed to the base of vessels of the same materials and dimensions) 
acts for the same length of time, the temperatures through which equal 
masses of diflerent substances are raised are different Any one of these three 
methods can be used as a critenon of thermal capaaty The same proportion 
exists between the masses of a group of different materials which at one and 
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the same temperature will {a) melt a given quantity of ice, {b) raise the 
temperature of a given quantity of water to a given level, (c) reach a given 
temperature m a given time when subjected to the same source of heat 
For the purposes of illustrauon the second of these three gives us the 
most simple way of studymg thermal equihbrium, that is to say, the nature of 
the final result when no further change occurs If we mix equal quantities 
of water at 5° and 15® the resulting temperature is the arithmetic mean 10® 
If we mix 5 grams of water at 5° with 15 grams of water at 15® the final 
temperature of both is the arithmetic mean weighted according to the weight 
of each constituent, i e 

2*0 X 6® + 2? X 15® == 12J® 

The second result can be deduced from the first if we make a simple assump- 
tion Divide the water at 15® mto two lots of 5 and 10 grams If we mix the 
former with the water at 5® the resulting temperature is 10® We now have 
left two lots of 10 grams at 10° and 15® respectively On mixmg, these will 
both reach a final temperature of 12^® Since experiment proves this to be 
true, we can proceed to examme different types of thermd equihbrium by 
applying the same convention, i e by keeping a separate balance-sheet for 
whatever happens to each constituent 
If you do this you will notice that the 5 grams of water (A) at 5® has gained 
12|® — 5° = 7|® C , and the 15 grams of water (B) at 15° has gained 12^® — 15® 
== — 2i® C Hence its loss is one-third as much as the gain m temperature 
by A, which is one-third of B by mass That is to say, 

Temperature gamed by A Mass of B 

Temperature gamed by B Mass of A 

Putting ta and for the temperatures of A and B at the beginnmg of the 
experiment, T for the final temperature, and ma> mb for the weights of the 
constituents, 

(T - ta)ma == - (T - tb)mb 

This remmds you of the law of equihbnum of the lever On each side we 
have the product of two quantities In the rule for the lever the two quantities 
(distance and force) are ways of measurmg different components of mechamcal 
work In the rule for heat they are ways of measurmg different components 
of thermal change Just as we measure work done by the product of the 
load and the distance through which it is lifted, we may therefore measure 
heat change by the product of the temperature through which a quantity 
of matter nses or falls and the amount of matter which is mvolved The 
lever is m equihbnum, if the same amount of work is done on one weight 
and the other weight By analogy, therefore, we say that the common 
temperature which the two bodies share when equihbnum is estabhshed 
must be such as to make the amount of heat given up by one equivalent to the 
amount of heat taken in by the other The amount of heat is measured by the 
product of the temperature drop and mass, just as the amount of work is 
measured by the product of vertical distance and weight 
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Expenment shows that the law, in the form stated so far, is only true 
if the constituents of the mixture are made of the same material Mixmg 
5 grams of iron at 5® C with 15 grams of water at 15^^ C does not lead to 
the same result as mixmg 5 grams of water at 5° C to 15 grams of water 
at 15® C It takes, in fact, 9 times as much iron at 5® (45 grams) to cool 
15® C of water to 12^ C Similarly, it takes 9 tunes as long to raise a given 
mass of water from 5° to 15® as to raise the same quantity of non from 
5® to 15® using the same source of heat, and it takes 9 times as much iron 


1 lb at lOibC 



Fig 2‘)2 — Specific Heat of Iron 

The specific heat ot iron is ' Hence the heating effect of iron is one-ninth as great 
as the heating effect of water 1 lb of water at 100'’ added to 1 lb of water at 20° equi- 
librates at A(100°) -f =“ C One Ib of water at 20° mixed with ' lb water 

at 100° equilibrates at 

,.,(20°) 4- (100°) = 28° C 

as water both at 190® C to melt a fixed quantity of ice at 0° C Thus the 
same quanuty of iron at a given temperature can be heated or cooled far 
more readily than water For purposes of heat equilibnum 1 gram of iron 
behaves as if it were one-nmth of a gram (0 11 gram) of water, and we can 
therefore calculate the thermal equilibrium between iron and water by 
simply multiplying the mass of iron by 0 II This mdex is called the 
speafic heat of iron 

To apply the law of thermal equilibrium to substances other than water 
we therefore multiply the mass of each by its “specific heat ” This gives 
us Its heat capaaty expressed as that of an equivalent quantity of water. 
Water is chosen as the standard because of its very great heat capaaty It 
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Will help you to understand why nearness to water results in a more equable 
climatCj or why sandy deserts get so much hotter than regions of rich vege- 
tation exposed to the same duration of sunshine, if you compare the specific 
heats of a few substances 

Sand 0 19 Aluminium 0 21 

Glass 0 12-0 20 Mercury 0 03 

Turpentme 0 42 Brass 0 09 

You will notice that the specific heat of sand is 0 19 This means that it 
takes roughly five times as much sand to produce the coohng effect of a 
given quantity of water, that it takes five times as long to heat up water as 
to heat up the same mass of sand to the same temperature, and that a 
given quantity of sand cools to the same level five times as fast as the same 
quantity of water A mercury thermometer only absorbs one-thirtieth of 
the heat which is absorbed by a water thermometer of the same dimensions 
So It responds more quickly and is more accurate Mercury has several 
advantages over water It does not wet glass, does not evaporate so readily, 
expands evenly, and has a much wider range between the boilmg and 
freezing points 

To find the specific heat of a hquid the simplest method is to measure 
the same mass of the unknown and of a standard whose specific heat has 
already been found (e g water sp h = 1) If both are brought up to the 
same temperature and allowed to stand m vessels of exactly the same dimen- 
sions m a draughtless room at uniform temperature ±eir specific heats are 
proportional to the times taken to cool to any fixed temperature To 
find the specific heat of a sohd it may first be weighed and then put into 
a vessel contammg a known weight of water at a different temperature If 
the specific heat of the solid is r, its temperature and its mass w, the mass 
of water at a lower temperature bemg M, the heat capacity of the sohd 
is sm If the final temperature is T the amount of heat given up by the sohd 
IS the product of the fall of potential ( ~ T) and its heat capacity So the 
heat loss is (/, — T)sm The heat gamed by the water is — (/„, — T)M, and 
accordmg to the principle of equihbnum, 

smiU — T) = — — T)M 

_M T-f^ 

m t,-T 

As an example of such a determmation, suppose 10 grams of lead at 150® C 
IS added to 40 grams of water at 20° C , and it is found that the final temper- 
ature is 21° C The fall of temperature of the lead is 129° C (i e — T 
— 129° C ), and the rise of temperature of the water is 1° (i e T — ^m,= 1° C ), 
so that if 5 is the specific heat of lead, 

5 = X lie = 0 03 (approximately) 

Stnctly speakmg, we ought to make allowance for the vessel contaimng 
the water If the weight of the vessel is small compared with the water 
contamed m it, and^e material has a very low specific heat like brass, this 
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source of error is very small To correct for it we have only to add to the 
mass of water the mass of the vessel mulophed by its specific heat. 

In speaking of the amount of heat lost or gamed, the international unit is 
the amount of heat gamed or lost when one gram of water is raised or lowered 
through r C This is c.iUed the calorie It Mows from the definition that 
10 calories are expended m raismg 10 grains of water I , or 1 gram of water 
] 0°3 or 5 grams of water 2% etc The conunercial value of fuel in Entain is 
measured by an analogous umt, the British Thermal Unit, which is the 
amount of heat required to rajse 1 lb of water through 1® F The “therm” 

IS 100,000 B Th U How we can adjust the supply of gas to the demand for 
it may be illustrated by a simple example An iron kettle weighs 3 lb,, and 
the water m it weighs 5 lb Takmg the specific heat of iron as approxi- 
mately the equivalent weight of water only is | + 5, or 6J lb Hence 
^ B Th U are required to heat it through V F, To boil water which has 
been kept m a room at 62® F , it has to be raised from 62® F to 212® F , i.e 
through 150° F Thus the heat required is 

150 X 5J == 800 B Th U, 

We can know how much heat (B Th U ) is produced by burning 1 cub ft 
of gas once for all by finding the temperature (F ) through which 1 lb of 
water is raised by the combustion of a measured volume Hence we can 
esumate the quantity of gas required to boil any quannty of water m any 
kettle of known dimensions British gas works are required to supply gas 
having a heatmg power not less than 450 B Th U per cubic foot Smce 1 lb 
of water is 453 G grams, it takes 453 6 calones to raise 1 lb of water T C 
Since a degree Fahrenheit is fths of a centigrade degree, it takes 

" = 252 calories to raise 1 lb through 1® F Thus 1 B Th U = 252 

calories For many purposes the calorie is too small a umt, and a umt analogous 
to the therm is used This is the “large Calone” (spelt with a capital C) 
which IS equivalent to 1,000 ordmar^ calones When we speak later on about 
the calorie value of a diet we mean “large” Calories, i e 1,000 times the 
unit defined above 


IHE LATENT HEAT OF ICE AND STEAM 

The last remarks provide an example of a fixed relation between a defimte 
amount of chemical change (burmng 1 cub ft of gas) and a defimte amount 
of thermal change (so many B Th U ) resultmg from it Qear views about 
the interconnexion of changes in the physical world actually began with 
the study of the converse problem, the quantity of another type of physical 
change resulung from a thermal change This, of course, was only possible 
when the study of heat capacity had been undertaken and the prmaple of 
thermal equihbnum estabhshed through Black's researcnes, which led on 
to an enquiry mto the relation of heat to change of state, and hence to clearer 
views about the physiology of the steam engme 

Most of us know that when water is brought to the boiling point it does 
not turn mto steam mstantaneously It remams at lOQ® C at atmosphenc 
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pressure as it gradually “boils away ” Similarly, when a small quantity of 
boilmg water is added to ice at 0°, some of the ice melts to water at 0° 
Eqmhbnum is reached without any change of temperature so far as the ice 
is concerned Still, m any mtelhgible sense, the fline or the boihng ^^ater 
have lost a certam amount of heat, which does not result m a correspondmg 
gam of temperature by the water or the ice It results m a totally different 
kmd of change, change of state from hqmd to vapour or sohd to hqmd 

The simplest way to show that there is a constant relation between both 
changes when measured appropriately is to apply the same source of heat 
to a known mass of ice at 0° and note how long it takes to melt the ice, to 
reach the boihng pomt, and to boil away completely You will then find 
that for a certam period t^ mmutes while the ice is meltmg you have a mixture 
of water at 0"^ C and ice at 0° Thereafter, when there is no more ice, the 
temperature rises nearly uniformly from 0° to 100° C for a certain period 
^2 For a third period ^g, while the water is boihng away, the temperature 
remams at 100° C If the expenment has been carried out with 1 gram of 
ice, the amount of heat used up m the time when the temperature rises 
from 0° to 100°, is 100 calories The source of heat is therefore yielding 
100 — ^2 calones per mmute In t^ mmutes it therefore gives up t^ x 
(100 — t^ calones, and m t^ mmutes fg X (100 — ) calones Therefore 

these two quantities represent the amount of heat respectively absorbed m 
convertmg 1 gram of ice at 0° mto 1 gram of water at 0°, or 1 gram of water 
at 100° mto 1 gram of steam at 100°. 

They are called the latent heat of meltmg and the latent heat of vaporiza- 
tion, and are constant, bemg 80 and 537 calones per gram respectively Thus 
the amount of heat required to convert one gram of water at 100° C to 1 gram 
of steam at 100° C is 637 times as great as the amount of heat reqmred to 
raise 1 gram of water at 99° C to 1 gram of water at 100° C An electric hot- 
plate which raises water at freezmg temperature to the boil m 25 mmutes 
will just melt the same weight of ice at 0° C in 20 mmutes, and will not 
evaporate the water to dryness till just under two hours and a quarter (134 
mmutes) after it begms to boil It takes 8 grams of water at 10° C to melt 1 
gram of ice at 0°. It takes 98 grams of turpentme at 113° C to convert 1 gram 
of water at boihng pomt mto steam 

There are many simple appheanons of these facts m everyday hfe, as, for 
mstance, the cooling effect of sweat evaporatmg on the skm Another is the 
behaviour of a freezmg mixture All soluble substances depress the freezmg 
pomt of water Hence salt water melts below 0° So when common salt is 
added to ice at 0° the mixture is not m equihbnum, and the ice melts Smee 
ice absorbs 80 calories of heat per gram melted, this can only happen by 
coolmg Its surroundmgs, and a jug of water surrounded by a “freezmg 
mixture” of ice and salt is itself frozen. Conversely, water gives up heat 
when It freezes A large pan of water placed near vegetables m a room pre- 
vents them from freezmg for this reason The vegetable sap containmg sohd 
m solution has a lower freezmg pomt than water The water therefore freezes 
first, and m domg so gives hack the 80 calones per gram which ice takes up 
m meltmg, thus helpmg to keep the temperature of the room above the 
freezmg pomt of sap. 
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In his book on the Theory of the Earthy the great Scottish geologist Hutton 
refers to Black’s work in words which are appropriate to the results when 
Its imphcations began to be recognized the abstract doctrine of latent 
heat” he says “the ingenuity of man has discovered a certain measure for 
the quanuty of those commutable effects which are perceived ” Though 
history has hardly verified his aristocratic assertion that Black’s discovery 
was a “progress of science far above the apprehension of the vulgar,” it 
sufficiently justifies the statement made earlier m this chapter Although it 
now seems commonplace to recognize a definite connexion between different 
kinds of changes like the consumption of fuel, the heatmg of water and the 
production of steam, it was not the way m which people looked at the world 
before Black made the first balance-sheet connectmg two different kinds 
of physical processes 

A new era of physical research now began In 1777 a Scottish chemist 
called Crawford, who was associated with Black, showed that the temper- 
ature of the same contamer was raised by 2 1,1 9, and 1 7 (i e approximately 
the same number of) degrees Fahrenheit for every 100 ounces of oxygen 
consumed by bummg wax, burmng charcoal, and the breathmg of a live 
gumea-pig Three years later Lavoisier and Laplace burned a weighed amount 
of charcoal in a vessel surrounded by ice and calculated the quantity of heat 
generated per unit weight of carbon dioxide produced They did this by 
measurmg the amount of ice which melted They then made a similar 
experiment and calculated the amount of heat lost by a hvmg guinea-pig 
during the production of the same quanaty of carbon dioxide, concluding 
that “respirauon is therefore a combustion, very slow certainly, but perfectly 
similar to that of carbon ” The movements of the animal did not affect the 
measurement Thus when all movement had ceased the only lasting change 
was the production of a certam quantity of carbon dioxide and the meltmg 
of a certain quantity of ice In a noteworthy letter to Black, Lavoisier dis- 
closed the results of later experiments, from which he concluded that the 
oxygen consumption of a man varies with the temperature of the room and 
his own activity At 26° C he foimd that a man consumed 24,000 c c of 
oxygen per hour At 12° C he consumed 28,000 c c Durmg exercise he 
might consume as much as 80,000 c c In any case the final result measured 
as the rauo of a certam amount of carbon dioxide and a certam quantity 
of heat was pracucally constant 

The close personal relauons between the leaders of Scottish science and 
English mdustry durmg the formative period of the Industrial Revolution 
have been emphasized for a special reason Books which adopt the serial 
obituary method of exposition in dealmg with the history of science are apt 
to dismiss the sigmficancc of parallel developments m theory and practice 
as mere comcidence The emergence of the energy prmciple m modem 
science exhibits the interacDon of theoretical discovery and its practical 
applications both m the character of the major problems and the personal 
afhhations of the prmapal actors Watt’s mvention was made possible by a 
certain level of theoretical knowledge It is hardly too much to say that 
Lavoisier’s experiments were the mescapable sequel to its economic 
exploitaaon 
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Boulton and Watt had overcome the prevailmg prejudice agamst the 
steam cngme by a curious device for marketmg their produce While the 
parent remamed m force the purchasers agreed to pay a premium represent- 
mg a one-third part of the savmgs m fuel effected by replacmg ±e New- 
comen by the Watt model Hence the profit of the partners was directly 
based on the costmg of power production The arrangement is thus descnbed 
by Dickmson {Matthew Boulton) 

There are very few cases where a simple replacement of a common engine 
by a Watt engme took place and actual measurements could be made, because 
usually the new engme had to pump more water or it had to pump from a 
greater depth than the old one, then, too, the mme for which it was wanted 
might be an entirely new one To establish a standard of comparison two 
common engines at Poldice Mine were agreed upon as average and a small 
committee made the necessary tests It foimd that the “duty” which is the 
Cormsh way of expressmg the performance of an engme and meant the number 
of poimds of water raised one foot high per bushel (say 91 lb ) of coal, was seven 
milhon The load on the piston of the common engme when performmg its best 
was 7 lb per sq m , while Watt’s engme did its best with a load of 10 J lb In 
omer words, to do the same work the Watt engme was smaller than the common 
engine m ratio of 3 2 Watt drew up a table of sizes of his engme with corre- 
spondmg sizes of common engines and the appropriate figure was mserted m 
the agreement that was entered mto To calculate the savmgs, it only remamed 
to measure the coal consumed and the quantity of water raised The former 
was already done on the Cornish mmes, because by an Act of Parliament of 
1751 a drawback of the duty on exported coal was allowed on all coal con- 
sumed m the pumpmg there To measure the water pumped, knowmg the 
diameter of the pump barrel and the stroke a figure could be calculated givmg 
the weight of water m pounds delivered by every stroke. It was finally necessary 
to count the number of strokes and tlus was done by a mechanical counter 
fixed to the beam of the engme m a locked box to prevent it being tampered 
with Boulton got the idea of this counter m 1777 from a pedometer, made 
by a firm of Wyke and Green m Liverpool, and made some of them himself at 
Soho This method of charging by royalty or premium as Watt terms it, was 
quite fair because the adventurers only paid so long as the engme was working 
If the mme closed down payment stopped However, the method of calculatmg 
the premium was not too readily grasped and much to Watt’s chagrm, although 
probably to Boulton’s secret satisfaction, the partners had to give way m favour 
of a fixed payment annually for each engme according to its size 

The experiments of Crawford were thus a laboratory model of the new 
task which mdustry was undertakmg on a larger scale Boulton, says 
Dickinson m his recent biography, — 

states It succinctly towards the close of the partnership m a letter to James 
Watt, jumor, thus (B and W Coll 1796, November 28th) 

One bushel (84 lb ) of Newcastle or Swansey coal will — 

(1) Rise 30 milhon lb of water 1 foot high, 

(2) Grmd and dress 10, or 11, or 12 bushels of wheat accordmg to the 
state of It, 

(3) Turn 1,000 or more cotton spmnmg spmdles per hour, 

(4) Roll and sht 4 cwt of bar iron mto small nailor’s rods, 

(6) Do as much work per hour as 10 horses 
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THE MECHANICAL EQUIVALENT OP HEAT 

For several reasons Lavoisier's work was a tummg-pomt m the history of 
human culture Saence had travelled a long road smee anima was at once 
common breath, the human spmt, and vapours materialized m the retort 
The changes which occur m the hving orgamsm were now seen to be related 
to changes m the physical world m the same way as similar changes m non- 
living machines When Lavoisier’s man took exercise, he performed mechan- 
ical processes When these had ceased nothing remamed except the fact 
that the temperature of the air had been mcreased and more food had been 
used up as fuel The increase m temperature illustrates the general faa with 
which we are sufficiently familiar m an age when motor bicycles are apt to 
overheat Mechanical work produces heat just as heat produces change of 
state or chemical decomposition results m heat By measunng the net result 
m calories, Lavoisier applied to the workmg of the livmg machine a new 
physical principle which is the fundamental basis of modem machine 
design 

To make the best steam engme we want to know how to get as much 
work as we can out of the least quantity of coal A standard of efficiency 
therefore entails knowmg how much fuel is required to produce a given 
amount of heat, and how much heat is used m generating a certam amount 
ot mechanical activity It might seem an obvious step to ascertam the second, 
once the first had been taken The subsequent course of events shows that 
what was obvious to the workmg techmcian was not obvious to theoretical 
scientists trained m the Newtoman tradition After the first researches of 
Crawford and of Lavoisier and Laplace nearly half a century elapsed before 
the “mechanical eqmvalent" of heat was actually estabhshed 

There were several reasons for this delay We are remmded of one of 
them by the way m which we still speak metaphorically of the “flow of 
heat ” Eighteenth-century science was simultaneously growmg out of a 
belief m three very influential spooks, two of which, anima and phlogtston^ 
have been mentioned A third, which has not been mentioned, is caloric 
or heat fluid Caloric passed out of bodies when they were cooled, as phlogiston 
passed out of bodies when they burned, or as amma passed out of the lungs 
and the contents of the retort Between a century which beheved m caloric 
and phlogiston and a century which studies energy transformations and 
chemical reactions there is all the difference between the viewpomt of the 
engmeer who is busy changmg the world and that of the philosopher who is 
content to “interpret” it Just as spirits continued to preside over ferment- 
ation after they had ceased to function m the retort, calonc continued to 
clog the consideration of changes mvolvmg the apphcation or production 
of heat for three-quarters of a century after Black's work 

Concepts like phlogiston, calonc, and the personal Deity of hberal theology 
behave like the cat m Aliu in Wonderland The smile Ungers after the cat 
has passed out Black's latent heat, Lavoisier’s experiments on exerase, and 
Pnestley’s work on the calcination of metals, all telescoped m the three 
decades precedmg the French Revolution, mark the final dissolution of 
nitnicm in the natural saences when the stage was already set 
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for an intellectual reawakening, m which clencahsm received a far more 
severe assault than it had suffered from the Reformation Capitahsm was 
recovenng the adventurous hopefulness which accompamed the fotmdation 
of the early contmental academies and the Invisible College Science more 
slowly extricated itself from the scafifoldmg of metaphor derived from a 
pre-exisung technology which provided no theoretical incentive to costing 
the available sources of power 

The analogy between water-power and steam-power production is a 
useful way of drawmg attention to what quantities should be measured if 
we expect to see how one “commutable effect’’ is connected with another 
So we may pause at this pomt to compare the measurements which affect 
the total mechamcal activity resultmg from a flow of water with measurements 



Fig 293 

Temperature gradient along a bar of metal when heat is “flowing ” 

that affect the final temperature reached when a source of heat is apphed 
In studymg ±ermal eqmhbrium we encountered two kmds of measurement 
which enter into the final result Analogous measurements enter into prob- 
lems conneaed with mechamcal work 
When two bodies at different temperature are brought together, the one 
at higher temperature is cooled, and ^e one at lower temperature is warmed 
until both have the same temperature The existence of difference of temper- 
ature alone is therefore concerned with the power or potential of the consatu- 
ents of a system to undergo thermal change If two reservoirs cont ainin g 
water are connected water sinks m the one at higher level and rises m the 
one at the lower level until there is the same head of pressure m each, 

1 e till the level of water m both is the same Difference of level is therefore 
the only factor which we have to take mto account, and represents the 
potential of change The analogy between temperature and pressure head 
or water level can be illustrated m another way, if we take mto account a 
very important but not very familiar faa about the flow of fluids If we heat 
one end of a bar of iron bored with holes for thermometers at regular mtervals 
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along Its length, we observe a continuous drop in temperature from the 
heated end to the opposite end, until both are brought up to the temperature 
of the source of heat We then say metaphorically that no more heat flows 
(Fig 293). Similarly, if water flows out of a reservoir with a horizontal 
duct, havmg a senes of upright tubes m its course, there is a contmuous 
fall of pressure head along the length of the duct so long as the water continues 
to flow (Fi^ 204) 

This property of flowmg fluids is a very important one, partly because it 
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Fig 294 

Pressure gradient along a tube of water which is “flowing ” 

(A tap closed, B tap open — water flowing, C equilibrium reached — flow ceases 

may help you to see how the heat fluid metaphor suggested itself to people 
who were more fartuhar with the use of water power than we are, pardy 
because it is still more helpful m explainmg why the same metaphor was 
mtroduced to describe the electric * ‘current,*’ and partly because of its 
importance m connexion with a biological phenomenon which was bemg 
studied m the eighteenth century for the first time As most of you know, 
blood spurts from the thick walled vessels called arteries which lead it away 
frnm rhe heart to the tissues and trickles from the thm walled vems which 
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lead It back from the tissues to the heart If the artery or vein of an anaesthet- 
ized animal is conneaed with a pressure gauge (or ‘‘manometer”) the 
pressure registered by the arterial blood is much higher than that of venous 
blood In man the pressure of arterial blood which measures the force of 
the heart’s action is about 110 mm of mercury That of venous blood is 
rarely more than 5 mm , and may sink below zero This fact, which is simply 
due to the “resistance” of the long distance through which the blood travels 
in the mmute vessels (capiUanes) of the tissues, explams the use of the 
pecuhar valves like watch pockets (Fig 244) which occur m the course of 
vems and are absent m arteries When there is a back pressure m the veins 
the valves prevent the blood from being sucked away from the heart, and 

t 

V 




Fig 296 


When water flows between two reservoirs at different pressure heads (P), the final 
head of pressure (F) depends on the quanuty of water in each reservoir as well as on 
the difference of pressure 


ensure that it only moves forwards towards the heart The mvestigation of 
the pressure of blood m ±e arteries has led to important discoveries about 
the properties of drugs which act on the heart or the muscular coats of the 
blood vessels, and has also led to useful methods of diagnosis 
The second kind of measurement mvolved m heat changes has been called 
heat capacity If we are only concerned with one kmd of substance this is 
proportional to mass The relation of mass to thermal equihbnum is shown 
by the time taken for a body to cool and the final temperature reached 
when substances at different temperatures are mixed The time taken 
for a reservoir to empty depends on its capacity, that is to say the 
volume of fimd m it, and the illustration above (Fig 296) shows that 
if two reservoirs of different capacity are connected the final level of water 
does not depend merely on the mitial difference of pressure head If the 
volume of water m the two reservoirs is different, the same difference of 
pressure may produce different results accordmg as the reservoir at higher 
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potential has higher or lower capaaty Whether we arc deahng with heat 
or the flow of a fluid we thus find two classes of measurement which 
affect the end result One, potential^ which is the temperature difference 
mvolved m a heat change, determmes the possibility or direction of the 
change The other, capaaty^ which is simply volume when we are deahng 
with the flow of a fluid, determines the time taken for the change to happen 

As long as we are studying the times taken for different quantities of the 
same substance to cool or the final temperature reached, when different 
quantities of the same substance at diflferent temperatures are mixed, the 
only thing which affects capacity for thermal change is mass As long as we 
are deahng with the flow of one and the same fluid between two reservoirs of 
the same dimensions, the only thmg which affects the final level or potential 
is the mitial difference of height If we want to calculate the result of mixuig 
different substances at different temperatures we have to take into account 
the fact that a pound of iron is only eqmvalent to about one-mnth of a pound 
of water So we make all our masses comparable by mtroducmg a standard- 
izing factor “specific heat’’ s If we want to calculate the equihbnum between 
two reservoirs contammg different fluids we have to take mto account the 
fact that a water column 13 feet high is equivalent to a mercury column only 
1 foot high, and a column of water at the top of a mountam does not exert 
the same pressure as the same pressure head of water at the bottom of a 
mine So we make ail oiir measurements of height comparable by mtroducmg 
two standardizmg factors, density {d) and ” Thus standard pressure head 
or potenaal is hdg (p 379) 

^rrespondmg, therefore, to the potential-capacity product which 
measures loss and gain of heat, the potential-capacity product which may be 
used as a measure of change m power to dnve water out of a tank would 
be X hdg If m “ mass, v x d m, and the product is therefore hmg 
We have already seen that this is the commonsense way of measunng work, 
since work done is greater or less according to the weight of the load (mg) 
and the distance (K) through which it is lifted So if we are lookmg for a 
connexion between heat and mechamcal activity, the product mgh suggests 
Itself as a comparable measure of the latter 

In the English system of weights and measures there are two umts of 
force, and consequently two umts of work One umt of force is called the 
poundaly and is the force required to give a mass of one poimd an acceleration 
of 1 foot per second per second When fallmg freely to earth, a mass of one 
pound (w 1) has an acceleration (g) of about 32 feet per second per second 
Hence the pulling power of a suspended “weight” of one pound is approxi- 
mately 32 poundals This is sometimes spoken of as a force equivalent to a 
pomd zoeight Two British units of work are used alternatively Takmg one 
poundal as the unit of force, the umt of work is one foot-poundaly i e the 
work done when the pomt of apphcation of a force of I poundal moves 
through a distance of 1 foot m the direction ot the force It is more usual to 
use the foot-poimdy i e the work done m raising a mass of one pound through 
1 foot against gravity, or the work done by a one pound “weight” m falling 
through 1 foot under gravity The force is then 32 poundals actmg over one 
foot So 32x foot-poundals are equivalent to x foot-pounds (c g. 24,900 foot- 
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poundals is approximately the same as 778 foot-pounds) In the mtemauonal 
system, the umt of force is one dyne A force of one dyne imparts an accelera- 
tion of 1 cm per sec per sec to 1 gram The unit of work, the ergy is the work 
done when the pomt of apphcation of a force of one dyne moves through a 
distance of one centimetre m the direction of the force Since g is approxi- 
mately 981 cm per sec^ at sea-level, a weight of one kilogram falhng through 
a metre performs 1,000 x 981 x 100 ergs 
Just as mechamcal activity results in a rise of temperature, pressure on 
an elastic bag or on the piston m a cylmder may be used to expel a fluid 
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1 iG 290 — Simplified Diagram of Joule’s Apparatus to find the Mechanical 

Equivalent of Heat 

The paddle creates heat by fncuon with the water m a cylinder If w is the equivalent 
mass of water (1 e weight of water + (weight of metal) x specific heat), ti the mitial 
and fa the final temperature, the heat produced is mCfj — fj The work done by the 
falling weight W, if allowed to fall or made to rise n times through a distance d, is nWd 
The mechanical eqmvalent of heat is the rauo of the two 


It does so by dimmishmg the effective content of the bag or cylmdfer If 
the rise of temperature which accompames friction is strictly comparable 
with the expulsion of a material fluid, mechamcal activity must therefore 
exert its effect by lowering the thermal content of the substances heated 
In one of his earhest experiments Davy put this to a decisive test This test 
depends on the fact that heat must be supplied to change ice into water at 
the same temperature, 1 e the heat content of any mass of water is greater 
than the heat content of the same mass of ice When two pieces of ice are 
rubbed together vigorously water is formed at the surfaces where frioion 
occurs Descnbmg such an experiment, Davy says 
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The fusion took place only at the plane of contact of the two pieces of ice^ 
and no bodies were in friction but ice From this experiment it is evident that 
ice by friction is converted mto water and according to the supposition that 
heat IS a material fluid its capacity is diminished, but it is a well-known fact 
that the capacity of water for heat is much greater than that of ice, and ice 
must have an absolute quanuty of heat added to it before it can be converted 
mto water Friction consequently does not dimmish the capacity of bodies for 
heat 

Davy gave the commumcauon in which these words occur the sub-title 
“caloric does not exist ” Theoretically there was now no obstacle to the 
recognition that a measurable amount of mechanical work is connected 
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J-iG 2 * i 7 — Tuf Mechanical Equivalent of Heat 

lube rotiicd quickly through 2 right angles (lead shot remains at end of tube) 
Wait a few seconds for lead shot to fall to the bottom of the tube This procedure is 
repeated, say, too times If h is the height the shots fall. 

Potential Energy of shots at top of tube — mgh 

= Kmenc energy of shots when fallen 
This Kineuc Energy is used up m heatmg the shots 
If initial temperature of lead shots is i and final temperature of lead shots is T and 
specihc heat of lead shots is s Then 

w^(T — /) = Heat generated 

Total amount of Kineuc Energy used is 100 mgh 
Mechanical Bquivalcnt of Heat = 

Heat generated f(T — f) 


with a measurable quantity of heat as a measurable quantity of heat is con- 
nected with a fixed weight of food or fuel The first accurate experiments 
which led to the determination of a fixed ratio of the heat product, le 
wi 5 (T — t)y to the w'ork product {mgh) were not made ull forty years later 
A simplified form of the apparatus used by Joule in his expenments published 

work done 

in 1843 IS shown in Fig 296 Joule showed that the raao ^ i : is 

heat produced 

constant, oneB Th U bemg approximately equivalent to 24,700 foot poundals 
Taking g as 32 ft per sec per sec , this is the amount of work done m raismg 
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772 lb one foot, or 1 lb 772 feet * In the international system 1 calone is 
equivalent to approiumately 42 milhon ergs 
The accurate determmauon of this rauo has smce been made with various 
methods, some direct, others indirect A simple and direct one which gives 
remarkably constant results is to place a weighed amount (m) of lead shot 
m a closed cylmder of known length (Fig 297) The cylmder is mverted 
quickly several times so that the shot falls vertically to the bottom each 
ume through ±e length of the tube Qi) If this is done n times the total 
work done is n(mgh) The temperature of the shot is taken immediately 
before and after If the rise due to friction is and the specific heat of lead 
IS taken as 0 03, the amount of heat gained is t(0 03 m) The mechanical 
equivalent of heat (work done — heat produced) is thenngh — 0 03 / 

thermodynamics and the NEWTONIAN SYSTEM 
Today we look upon Joule’s detemunation of the mechanical equivalent 
of heat as the cornerstone of “thermodynamics ” Thermodynamics, which 
has now superseded the mechamcs of Newton, is the queen of theoretical 
science The position it occupies was not won by discoveries made within 
the framework of the pre-existing social culture The researches which led 
to the determination of the mechamcal equivalent of heat were directly 
prompted by new social requirements, and the leaders of contemporary 
theoretical science were extraordmarily reluctant to explore their impli- 
cations Indeed, the Royal Society refused to publish the greater part of one 
of Joule’s most epoch-making contributions 
The mechanical science which Newton’s generation developed was not 
primarily concerned with how power is generated It derived its fundamental 
principles from the “simple machmes,” i e devices like the lever, the pulley, 
and the mclmed plane, for distributing the power supphed by human effort, 
and from the clock, which moves very slowly, generates very httle heat by 
friction, tells us when to start work, but does not do our work for us It was 
less concerned with movement on our own earth, as when the motor engme 
gets over-heated by the movmg contact of sohd matter, than with move- 
ments of celestial bodies through empty space In contradistmction to thermo- 
dynamics which deals with the relations of different types of change m the 
physical world, Newton’s mechanics was parochial Its measurements were 
restricted to motion It did not concern itself with the measurement of 
systems which have other characteristics — hght, heat, electrical changes, or 
chemical combmauon — and it did not deal with the mtercormexions of 
measurements appropnate to systems which exhibit them In Newton’s 
time the primary sources of mammate power, wmd and the flow of water, 
had not made friction an important techmcal problem 
Newton approached the problems of mechamcal equihbnum from the 
standpomt of the means adopted rather than the total result achieved That 
is to say, the primary umt of mechanical measurement was force rather than 
work Thermodynamics is the system of mechamcs in which all equations 

* According to the best modem determinations one B Th U is eqmvalent to 778 
foot-pounds of work, or about 25,000 foot-poundals takmg the more accvuate value 
of 32 2 for g 
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of mechamcal cquilibnum arc babcd on the equivalence of hcat^ mechanical 
and other changes expressed as the product of two measurements, a potential 
and a capaaty In Newton’s mechames all the emphasis had been laid on 
the measurement of potential The dilference between the Newtoman stand- 
pomt and the modem outlook may be seen by takmg the prmaple of the 
lever as an example The condition of equihbnum is vid = WD (p 245) 
This may be expressed by saying the “force of gravity” actmg on each 
weight IS mversely proportional to the distances separating them from the 
fulcrum Altemauvely we may translate it by saying that no work has to be 
done to produce a slight displacement (see p 249), smee the work done on 
and by the system balances 

It might seem that this is merely a matter of words, as mdeed it would 
be if the principle of the lever were the only principle of mechames and if 
the only kind of motion which is important to measure were the motion of 
planets through the vacuum* of space Actually we hve m a world m which 
wastepaper falls towards the centre of the earth at a demonstrably slower 
rate than a cannon ball Its retardation is not associated with buoyancy, but 
with the large surface it presents to the air In Newtonian mechanics the 
surface offered resistance to another “force,” the force of friction Similarly 
the fact that nothing wc ever see moving on earth contmues to go on moving 
for ever m a straight hne was squared with the way in which Newton stated 
the principle of inertia by asserting that the actual environment m which 
It moves generates a force of friction which opposes its continued motion 

You must not imagine that this was merely an attempt to dodge the fact 
ihai wastepaper falls more slowly than cannon balls, or that the best billiard 
balls do not go on for ever movmg m a straight line on the smoothest bilhard 
table in existence Newton and his followers earned on experiments to 
estimate the loss of effective gravitational acceleration on account of surface, 
and showed how it varied wnth the speed as well as with the surface area 
of a moving body They estimated how much gravitational acceleration a 
body slipping down a slope loses on account of the roughness of the surface 
by the limiting angle of ult at which any motion will begm So likewise 
Newton’s mechames represented a rotational movement like that of a fly-wheel 
as the action of a couple y i e two equal forces acting in opposite directions at 
equal distances on either side of the axle, as m the problem discussed on 
p 663 in connexion with the deflection of a magnet Newton’s mechanics did 
not deal with the heat of the boiler which gives the axle the power to move 
The difference between Newtoman mechames and the system of mechames 
which has more or less replaced it hes in this Newton and Galileo did not 
seek to relate the measurement of motion to the measurement of the heat 
produced when motion is stopped Though they knew as well as we do that 
heat always accompames “friction,” they did not clearly reaJi7e that the 
production of heat is what decides the loss of work potential or force when, 
as they would say, a force of friction is actmg Still less did they see that 
there might exist a numerical equivalence of mechanical activity lost and 
heat produced if both arc measured m tlie nght way 

Imagmc a car weighing two tons when put into neutral gear at 30 miles 
t-- .« A. and Tunning to a standstill after covenng 200 yards 
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(600 feet) In Newton’s mechanics the merua of the car is opposed by a 
force of fricuon which is measured by the produa of its mass 2 tons (or 

4,480 lb ) and an acceleraaon m the direction opposite to its motion Thus 
acceleration is (velocity lost) — (ume taken) The velocity lost is 44 feet 
per second The time taken is (distance traversed) — (mean speed) Smce 
the distance run is 600 feet at a mean veloaty 1(44 + 0) = 22 ft per sec , 
the time which elapses is 600 — 22 seconds So the acceleration is 


44 X 22 
600 


ft 


per sec per sec 


and the “force of fricdon” is 


4,480 X 44 X 22 
600 


poundals 


This is the force required to stop the car Havmg found it, Newtoman 
physics can only show how it is connected with the geometry of the environ- 
ment m which the car moved. 

Thus we may begm by dissecting it mto “forces” which arise from the 
contact of the car with the air, with its bearmgs, and with the surface of the 
road We may, for mstance, connect the air resistance with the shape of the 
car by experimenting at the same imtial speed over the same stretch, and 
since our^ object is to encounter the least resistance, we might use the informa- 
tion to get the best stream-hnes The friction of the bearmgs, road, and tyres 
arises from the shape and material of the sohd surfaces at which movement 
occurs Friction along rough surfaces was measured in Newtoman mechanics 
by applying the punaple of the mchned plane Accordmg to the principle 
of mertia a body should move downwards if the surface on which it hes is 
tilted to the least extent from the horizontal position Actually it is necessary 
to tilt it through an angle a before it begms to shp down The force of 
i^s descent would (p 267) then be mg sm a, if there were no friction, and 
since It does not move till it has reached the position m which gravity exerts 
this pull down the plane, we may take the force itself as a measure of the 
greatest frictional resistance m such circumstances 

So far as it goes this device is a useful one It breaks down when we need 
a balance-sheet of the running costs of a car We are then forced to adopt 
the alternative standpomt, imphed m the statement that mechamcal “energy” 
has been converted mto heat To measure the mechanical activity which has 
been lost, we have to consider what work would have to be done to keep up 
motion at the same rate, 1 e bring the speed from 0 to 44 ft per sec over a 
distance of 600 feet This would mean accelerating at (44 x 22) — 600 ft per 
sec per sec The force reqmred would be 


4,480 X 44 X 22 
600 


poundals 


So the work done m British umts would be 


4,480 X 44 X 22 4,480 

X 600 = — ^ X 442 foot-poundals 


600 


2 
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Thus you will nouce that represents the number of units of work 
which disappear when the velocity of a body of mass w changes from to 0 
Since 778 X 32 or about 25,000 foot poundals represent 1 B Th U , this 
means that the amount of heat generated is 


or m calorics 


4,480 X 44^ 
2 X 25,000 


BThU 


4,480 X 44* X 252 
2 X 25,000 


This heat {q) which corresponds to the mechamcal activity gamed in brmging 
the speed of the car from 0 to 30 m p h, comes from the combustion of a 
measurable quantity of petrol If we know how much heat (Q) the com- 
bustion of the same quanuty of petrol produces when no mechamcal work 
is done, we know what fraction — Q) of the petrol is used up m producmg 
mechamcal acuvity This fraction is called the Efficiency of the engme 
The fraction of fuel (Q — — Q which does not result in doing honest 

work is used in heating up the engine, and represents the wastage 


KINETIC ENERGY AND MOMENTS OF INERTIA 

In the numerical example just given it was noticed that the work done 
m imparting a veloaty v to a body of mass m movmg m a straight Ime is 
\mv^ That this is generally true is easy to see The work done by the force 
(F) apphed to achieve the result over the distance d through which the 
body is impelled by it is Fd If the acceleration imparted is Uy this is m ad 
The distance d is the same as the distance through which it would move 
at umform veloaty eqmvalent to its mean velocity over the period The 
mean velocity ~ \jiv + 0)~ \v Hence d = \vty and 

F d= m y a d—m a ^vt 

In the time / taken to move through a distance d starting with zero velocity 
the velocity gamed is Vy and the acceleration (a) is z; — so that 

F d=Jwz;* 

The possibihty of makmg a balance-sheet of heat and work means that 
this quantity (called the kinetic energy of a movmg body) represents the 
work done m makmg a body at rest acquire a velocity Vy if no heat is produced 
m its motion It is also the work which could be done if no heat were lost by 
a body movmg with velocity v in the mterval durmg which its motion is 
bemg arrested For instance, if a mass of one hundredweight (112 lb) 
moves with a veloaty 10 ft per sec , its kmetic energy is 

112 X 100 

2 ~ 5,600 foot-poundals 

If no heat were produced it could draw up a weight of 10 lb through a 
height of about 17 \ feet, smee the work done m raising 10 lb through a 
vertical distance 17 \ feet is roughly 10 x 32 x 17^ = 5,600 foot-poundals 



The Dark Satanic Mills 


609 

Motions of this kind are rare So the expression for the kinetic energy 
of a moving body is not of much practice use as it stands However, it can 
be readily adapted to other problems which have to be solved in engineering 
For mstance, we can adapt it to the problem of how much “energy’’ is 
stored m a flywheel when spinmng at a particular speed Here we have to 
deal with motion in a curved path 1 he legend of Fig 208 shows you that 
a mass m rotaung at the end of a string (or thin spoke) of neghgible weight 
and length r has a kinetic energy 



The kmetic energy of a flywheel can be regarded as the sum of the kinetic 
energies of all the particles of which it is made up The kinetic energy of each 



Fig 298 — Kinetic Energy of a Small Rotating Weight 

If a compact body of miss m rotates at fixed speed s at the end of a piece of string of 
length r, makmg one revolution m 1 seconds, 

s = 277r — T 

If the string is cut, the body continues in a straight line with velocity 5 , numerically 
equivalent (p 272) to its former speed, along the tangent grazmg its circular path 
where it was when set free If it moves m a straight line with velocity 5, its kmetic 
energy is Smee no additional energy is imparted to it, this must also be the 

kmetic energy which it has at any point on its circular path Thus its kmetic energy is 

of these is half the product of two quantities {a) the square of 27 t — T, m 
which T IS the time of a complete revolution, and (b) mr^ So the total kineac 
energy is half the product of the quannty (a), which is fixed by the speed 
of rotation, and the sum of (p) The sum of all the quantities (b) is called 
[see Fig 299 (a)] the moment of inertia of the body about some specified axis 
of rotation It depends on its shape and on the axis chosen If we can describe 
its shape m geometrical terms we can calculate the moment of inertia of any 
object, and hence its kineac energy at any given speed of rotaaon 

u 
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It IS easier to do this for a long, thm bar We shall first see how its moment 
of mema is calculated before tackling the more difficult case of the flywheel 
A bar may be looked on [see Fig 299 (6)] as if it were made up of thin slabs 
of equal volume, or, what comes to the same thing and is more simple to 
deal with, a strmg of beads whose consecutive centres are one umt of length 
apart If the bar swings about an axis through its centre, and each of the n 
bead umts of mass on either side of the axis weighs m grams, the total mass 



Fig 299 — Moments of Inertia 

llic total kineuc energy of the two parades of mass nii and (a) at distances 
and r j from the axle of a rotating bar is 

+ W.’(y) 

= + OT,r,»]j^Y] 

1 or an> number of particles it is 

Ihc quantity ] is called the Moment of Inertia (1), 

and only depends on ns shape How I is calculated for a bar {b) or a disc (a) like a 
dy wheel is explained in the text 


IS 2 mn — M, the mass of the bar, and the moment of inertia on each side of 
the axis is 

{m P -\- m 2^ m 3* m n^) 

Or on both sides together 

2w(P + 2» + 3* 4- n^) 

Smee the sum of the squares of the first n natural numbers is 

n{n^\){2n+l) 

() 

and smee we can regard « -f 1 and 2n -f 1 as equivalent to n and 2^2 when 
n IS very large, i e when the umt of length, and hence the mass of each 
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particle is very small, the last expression can be taken as the same as — 3, 
so the moment of mertia (I) of the bar is 2mn^ — 3 Smce M the mass of the 
bar is and 2n is the number of umts of length, i e L, this may be wntten 
iVML^ and the kmetic energy of a bar of mass M rotatmg about a centre 
L umts of length from either end is therefore 



We can imagine the particles of a simple flywheel arranged m discs one 
particle thick, closely packed If the particles of each disc are arranged in 
concentric arcles packed as tightly as possible, there will be approximately 
27m particles m any circle separated by n particles in a straight Ime from 
the centre If there are R concentnc circles, the total number of particles is 

277(1 + 2 + 3 + R) 

Since the sum of the first R natural numbers is ^R (R + 1), the previous 
expression is eqmvalent to ttR (R + 1) If the umt of mass is the mass 
of one parade, the total mass of all the parades of a disc one layer thick is 
also ttR (R + 1) If the umt of distance is the distance between the centres 
of two parades, the R concentric rings fill up a space bounded by a circle 
whose radius is R umts of distance So R stands for the radius of the disc 
In any rmg separated by n particles from the centre, we have 277/2 units 
of mass separated by n umts of distance from the centre of rotaaon So the 
moment of meraa of the ring is = 277/2® Thus the moment of mcrtia 
of all the R rmgs which make up the disc is 

277(1® + 2® + 3® +R®) 

The sum of the cubes of the first R natural numbers is 

iR2(R + 1)2 

So the moment of merua of the disc is 

^ R=“(R + 1)* = -7rR(R + 1) |R(R + 1) = :^R(R + 1) 

If R is very large, R + 1 does not differ sensibly from R So the last expres- 
sion is equivalent to IMR®, and the kmeuc energy of the disc is 



All that has been said apphes equally to a disc of any thickness Taking 
(277)2 as approximately 40, the kinetic energy of a flywheel of uniform 
thickness, mass M and radius R making one revoluuon m T seconds is 


lOMR® -r T» 
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If a flywheel of mass 1 cwt (112 lb) and 3 feet radius spins at 400 revs 
per mm. 

T “ 60 — 400 = 0 15 secs 

So us kmetic energy is 

10 X 112 X 9 - (0 15)2 
== 448,000 foot poundals 

The actual work done in raising a weight of 1 ton through feet is 

2,240 X 32 X 6 25 = 448,000 foot poundals 

If the flywheel spins in a closed space from which no heat could escape, the 
heat produced when all motion had stopped would be 448,000 — 25,000= 18 
B Th U (approx ) This would raise 1 lb of water through IS"" F , or 10° C 
At room temperature it would bring to the boil about 50 grams of water 


THE RATIONAL COSTING BASIS OF HUMAN WELFARE 

Thus the substitution of work for force as a measure of mechanical activity 
enables us to complete the balance-sheet of running costs, and form a clear 
picture of what economical power production involves For mstance, all 
the fuel which is used in the steam engine to bring water from the temper- 
ature of the air to the temperature at which it boils is sheer waste, eliminated 
in the internal combustion engme, which uses the increase of volume accom- 
panying the oxidation of gas or petrol as a direct source of power High 
efficiency of the steam engine itself implies keeping the cylinder as hot as 
possible, and returning the water from the condenser to the boiler without 
lowering it appreciably below boiling point 

The history of the steam engine illustrates how “pure’* and “applied” 
science arc mutually dependent We have seen how Black’s work stimulated 
Watt In Its turn the rapid advance of steam technology revolutionized the 
principles of physics, in spite of considerable mertia due to the prestige of 
Newton’s methods during the long interval which elapsed between the work 
of Lavoisier and the first deterrmnation of the mechamcal equivalent of heat 
In his admirable book British Scuntists of the Nineteenth Century^ Crowther 
sums up the position at the time when Joule began his work in the following 
passage 

In 1838 the words “energy” and “work” did not have the same meanings as 
they have today Young had defined “energy” as one-half of the mass of a movmg 
object multiplied by the square of its velocity He regarded it mainly as a mathe- 
matical fimction that assisted m the solution of problems m Newtoman 
mcchames The theory of mechames developed by Galileo and Newton was 
based on the study of the motion of comparauvely unresisted objects, such 
as heavy bodies tlirough air, or planets through empty space As their formulae 
had been derived from a study of motions that do not commonly occur on the 
surface of the earth they had a sort of disembodied quahty, and when they 
happened to apply to such mouons, the apphcation was felt to be acadental 
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rather than real The Newtonian mechanicians were also familiar with the idea 
of “work” as the product of force and distance, but agam mainly as a mathe- 
matical function They used this mathematical equivalence for solvmg 

the problems of fnctionless motion The idea of “work’’ as the product of the 
distance multiphed by the mean resistance overcome, and hence as a funda- 
mental measure of mechamcal action, did not come from the study of celestial 
motions, but from entirely diffeient sources This was natural, because no one 
was mterested m the “energy” or vis viva of the planet Mars, for example, 
except as a mathematical function that assisted the solution of problems of 
solar motions It was not necessary to evaluate the “energy” of Mars in units 
because the symbols iMv^ melted away in the process of mathematical trans- 
formations of equations A knowledge of the “energy” of Mars is of no use 
except m the soluuon of mathematical problems It has no direct financial 
value The introduction of the steam engine for pumpmg and factory- 

drivmg gave mechanical action commercial value The mdus trial notion of 
“work” was of somethmg that determined the quantity of production An 
exact measure of “work” was essential to the foundation of tradmg in mechanical 
power Machine industry naturally arrived at a conception of work m terms of 
gallons of water raised so many feet in such and such a time, or of foot-pounds 
per mmute This was a tangible, saleable commodity entirely different from the 
abstract conception of the Newtoman “work” done by the moon when it fell 
through a certain distance The “work” of Newtoman mechames and tlie 
“work” of industrial engmeers obeyed the same algebraical laws, but tlie 
constellation of other ideas respectively associated with them was profoundly 
different The engineers described as “accumulated work” what is now familiar 
as energy They considered the work spent in overcommg friction as the 
measure of mechanical power annihilated 

Before the first determinations of the mechanical equivalent of heat, the 
requirements of steam technology had already emphasized the need for 
a new approach to the measurement of mechamcal processes Watt, whose 
engmes were now required to do work previously carried out by animal 
power, earned out experiments with horses These experiments showed that 
a horse pulled a 150-lb weight suspended from a pulley upward from a 
coalpit through 220 feet m 1 mmute He decided, therefore, to use as a 
umt of the rate at which an engine works the power to raise 150 lb through 
220 feet m 1 mmute This umt is called the horse power A force of about 
150 X 32 poimdals is required to raise 150 lb against gravity, and the work 
performed over 220 feet is, therefore, about 150 x 32 x 220 Briush work 
umts (foot poundals) One horse power represents a workmg rate of about 
150 X 32 X 220 foot poundals per mmute 

Horse power must not be confused with efficiency It measures how 
qmckly we are convertmg fuel into mechanical acuvity, and not the proportion 
of fuel which is used to produce mechamcal activity An illustration will 
make this clear If we are told that the efficiency of a 10-h p automobile 
engme is 20 per cent, and that the combustion of 1 gallon of petrol produces 
144,000 B Th U , these figures suffice to enable us to calculate how long it 
will take the car to consume any quantity of fuel The efficiency tells 
us that i X 144,000 = 28,800 B Th U stands for mechamcal work per 
gallon of petrol The mechamcal equivalent of heat tells us that this is 
28,800 X 25,000 foot poundals The horse power tells us that 1 ,600 X 32 X 220 
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foot potmdals are used up in one minute So the time for which the engine 
can run at full power on one gallon is 


28,800 X 25,000 
1^00 ^32 x ^"0 


= 68 minutes (approx ) 


Forty years after Davy’s experiment on melting ice (p 603) physicists 
trained in the Newtonian tradition were still reluctant to relinqmsh the 
“peculiar elasuc fluid ” The first attempt to make a balance-sheet of heat 
produced as measured by the product sm{t^ — and work done (rngh) 
in producing it by mechamcal activity, was attempted by a French engineer, 
Sadi Carnot In 1825 Carnot published the first theoretical contnbution to 
the efficiency of the steam engme Though he did not actually renounce the 
caloric in this memoir, Carnot introduced a cnterion of efficiency which 
implies the existence of a measurable relation between heat and work Perfea 
efficiency according to Carnot’s view was reversibihty If a mechamcal agency 
were applied to drive the piston backwards the heat produced m compressing 
the gas should be )ust the same as the heat used up m produemg the gas which 
drives the piston outwards m the ordinary course of events If less heat is 
produced when the engine is made to work backwards by applymg an external 
force, some of the fuel consumed m normal working is used to produce heat 
which is a dead loss 

Though Carnot himself made no attempt to assess the actual efficiency 
of the steam engines in use, he made some esumates of the heat-work ratio 
m ordinary friction These were not published till the importance of his 
memoir was recognized about half a century later Meanwhile a German 
biologist Mayer, startmg from the similanty of combustion and respiration 
cstabhshed by the experiments of Crawford and Lavoisier, had calculated 
what we now call the mechanical eqmvalent of heat from physical data which 
were already m existence To detemune the specific heat of a substance it 
IS necessary to heat it If it is a gas this means that it will expand when free 
to do SO If the volume is kept constant it w^ill generate pressure in excess 
of what is exerted by the surroundmg medium The amount of heat required 
to raise a gas to a given temperature, if it also does work (eg on a piston) 
by expandmg, is greater than the amount of heat required to raise it to the 
same temperature when its volume is kept constant At constant volume no 
heat IS bemg replaced by mechanical work So the specific heat of a gas 
which IS not allowed to expand is less than that of the same gas when it 
IS free to do so From Boyle’s law it is easy to calculate (see appendix to this 
chapter) the work done when a piston is driven out by a measured mcrease 
of gaseous volume, and Charles’ Law tells us the increase of volume per 
degree The work done when a gas is free to expand without mcrease of 
pressure by raismg its temperature through 1 degree centigrade can thus 
be estimated The extra heat which disappears when work is actually done 
can also be calculated from the ratio of the specific heats at constant volume 
and constant pressure 

Mayer stated his conclusion that a fixed equivalence of heat and work 
exists m the followmg passage m a paper pubhshed (1842) m a chemical 
)Ournal 
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By applying the prmaplcs which have been set forth to the relations sub- 
sisting between the temperature and the volume of gases, we find that the sink- 
mg of a mercury column by which a gas is compressed is equivalent to the 
quantity of heat set free by the compression, and hence it follows, the ratio 
of the capacity for heat of air under constant pressure and its capacity under 
constant volume bemg taken as 1 42 1, that the warmmg of a given weight of 
water from 0® to 1® C corresponds to the fall of an equal weight from the height 
of about 365 metres If we compare with this result the workmg of our best 
steam-engmes we see how small a part only of the heat applied under the boiler 
IS really transformed mto motion or the raismg of weights, and this may serve 
as justification for the attempts at the profitable production of motion by some 
other method than the expenditure of the chemical difference between carbon 
and oxygen — more particularly by the transformation mto motion of electricity 
obtamed by chemical means 

At Manchester his contemporary James Prescott Joule was engaged m 
assessmg the relative ments of power production by coal and the only source 
of electnc current used at that tune A year before the publicanon of Mayer’s 
paper he had wntten 

With my apparatus every poimd of zme consumed m a Grovc*s battery pro- 
duced a mechanical force (fnction mcluded) equal to raise a weight of 331,400 lb 
to the height of 1 foot, when the revolvmg magnets were movmg at the velocity 
of 8 feet per second Now the duty of the best Cormsh steam-engine is about 
1,600,000 lb raised to the height of 1 foot by the combustion of a pound of 
coal, which is nearly five times the extreme duty that I was able to obtam 
from my clectro-magnedc engme by the consumption of a pound of zme This 
companson is so very unfavourable that I confess I almost despair of the success 
of electro-magnetic attractions as an economical source of power, for although 
my machme is by no means perfect, I do not see how the arrangement of its 
parts could be improved so far as to make the duty per pound of zme superior 
to the duty of the best steam-engmes per pound of coal And even if this were 
attamed, the expense of the zme and the exatmg fluids is so great, when com- 
pared with the price of coal, as to prevent the ordmary electro-magnetic engme 
from bemg useful for any but very peculiar purposes 

Havmg determined the mechamcal equivalent of heat. Joule found that 
the combustion of one pound of coal produces heat equivalent to 9,584,206 
foot pounds m work umts Most Cornish engmes of his time then realized 
about 1,000,000 foot pounds of actual work per pound of coal burned 
Hence they realized only “one-tenth of the vis vwa due to the combustion 
of coal ” On comparmg this figure wi± animal work, he found that a horse 
eats 12 lb of hay and 12 lb of com for an average day’s work of 24,000,000 
foot poimds “From our own experiments on the combustion of hay and 
com m oxygen gas,” he wrote m 1846, “one quarter of the whole amount 
of VIS vwa generated by the combustion of food in the animal frame is 
capable of bemg apphed m produemg a useful mechamcal effect — the 
remaimng three-quarters being required m order to keep up the ammal 
heat ” 

The soaal context of Joule’s work, set forth with vivid detail m Crowther’s 
illummatmg essay, emphasizes both sides of the two-fold relation of saenufic 
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theory and social practice The new standard of engineering efficiency which 
Joule introduced has revolutionized the design of the heat engine, and 
abundantly justified his own assertion that “nothing is more expensive 
than the endeavour to stumble blindly on an improvement or invention ” 
Conversely it provides a dramatic demonstration of the fact that great 
theoretical developments arise m response to the requirements of everyday 
life, and occur when the scientist is in close contact with the world’s work 

Joule’s relation to the social life of his period is characteristic of the 
leaders of English science at the time Like Davy and Faraday, he was not 
a university man Like Priestley and Dalton, he had no official connexion 
with the teachmg work of the universities, which were at that Ume closed 
to Nonconformists, Jews, and Cathohes These men were representatives of 
a new social culture The condition of the established order may be gauged 
irom a pamphlet written by Babbage m 1831 An incident recounted in 
Babbage’s book The Economy of Manufactures (1832) is illummatmg 

The Duke of Sussex was proposed as President of the Royal Society in 
opposition to the wish of the Council — in opposition to the public declaration 
of a body of Fellows comprising the largest portion of those by whose labours 
the character of English science had been maintained The aristocracy of rank 
and of power aided by such allies as it can always command, set itself in array 
against the prouder aristocracy of science Out of about seven hundred members 
only two hundred and thirty balloted, and the Duke of Sussex had a majority 
of EIGHT Under such circumstances it was indeed extraordmary that His Royal 
Highness should have condescended to accept the fruits of that doubtful 
and inauspicious victory The circumstances preceding and attendmg this 
singular contest have been most ably detailed m a pamphlet entitled A State- 
ment of the Circumstances connected with the late Election for the Presidency of 
the Royal Society ^ 1811 

Crowther recalls the comment made by Joule when the Royal Society 
refused to publish his first paper “I was not surprised,” he said, ‘T could 
imagine those gentlemen in London sitting round a table and saying to 
each other what good can come out of a town where they dme m the 
middle of the day?” Reference has already been made to the cultural life of 
Manchester at the beginmng of the nineteenth century m another context (page 
4D) Livmg in Manchester during the years when Joule was mvestigating 
and expressing his views in public lectures was one man who realized that 
the physical prmciple, so tardily recognized by Joule’s saentific contempor- 
aries, had an ulterior significance in human affairs Engels, a prosperous 
Manchester business man, who had lately completed The Condition of the 
Working Class, welcomed the “work” concept as the beginmng of a new 
chapter m the history of human knowledge, and as the only rational basis 
for costmg the relation of natural resources to the common needs of mankmd 
m a rationally planned economy of human welfare His views attracted little 
notice at the time 

“The comprehensive human imagmation,” says Crowther, “could not be 
nourished by Joule’s discoveries because they sprang from poisoned social 
sources They arose out of studies of engmes that had been appropriated to 
the creation of private wealth instead of an increase of human di^ty ” 
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Indeed, the sociological imphcations of the energy balance-sheet, like 
Its biological significance, was recognized before physicists began to appre- 
ciate Its value During the period when Enghsh scientists were most keenly 
alive to the social basis of scienufic advancement, Sir Wilham Petty, one 
of the founders of the Invisible College and an origmal Fellow of the Royal 
Society, wrote {1 realise on Taxes and Contributions y 1662) 

Our Silver and Gold we call by several names, as in England by pounds, 
shillings, and pence, all which may be called and understood by either of the 
three But that which I would say upon this matter is, that all thmgs ought 
to be valued by two natural Denonunations, which is Land and Labour, that 
IS, we ought to say, a Ship or garment is worth such a measure of Land, with 
such another measure of Labour, for as much as both Ships and Garments were 
the creatures of Lands and mens Labours thereupon 

Ben)amm Franklm,"*^ who founded the first American Academy on the same 
model, wrote m the same sense 

As silver itself is of no certain permanent value, bemg worth more or less 
accordmg to its scarcity or plenty, therefore it seems requisite to fix upon 
some thin g else more proper to be made a measure of values, and this I take 
to be labour 

The immediate influence of Watt’s experiments on sociological discussion 
IS seen m the foUowmg citation from Robert Owen’s Report to the County 
of Lanark written m 1817 It contams a more exphcit statement of the 
views which Engels’ collaborator called the Labour Theory of Value 

That the natural standard of value is, m prmciple, human labour or the 
combmed manual and mental powers of men called mto acuon And that 

It would be highly beneficial, and has now become absolutely necessary, to 
reduce this prmciple mto immediate practice It will be said, by those 

who have taken a superficial or mere partial view of the question, that human 
labour or power is so imequal m mdividuals, that its average amount cannot 
be estimated Already, however, the average physical power of men as 
well as of horses (equally varied m the mdividuals), has been calculated for 
scientific purposes, and both now serve to measure manimate powers On 
the same prmciple the average of human labour or power may be ascertamed, 
and as it forms the essence of all wealth, its value m every article of produce 
may also be ascertamed, and its exchangeable value with all other values fixed 
accordmgly, tne whole to be permanent for a given period Human 

labour would thus acquire its natural or mtrmsic value, which would mcrease 
as science advanced, and this is, m fact, the only really useful object of science 
*To recreate and extend demand m proportion as the late scientific im- 
provements, and others which are daily advancmg to perfection, extend the 
means of supply, the natural standard of value is required To make 

labour the standard of value it is necessary to ascertain the amoimt of it m all 
articles to be bought and sold This is, m fact, already accomphshed and is 
denoted by what m commerce is technically termed “prime cost,’’ or the net 
value of the whole labour con tamed m any article of value — the material con- 
tamed m or consumed by the manufacture of the article formmg a part of the 
whole labour 


* Cited from Crowther’s American Men of Science, 
U* 
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THE ESSENTIALS OF THERMODYNAMICS 

Let US now sum up the change of saenufic outlook which followed tht 
Industnal Revolution Primitive saence classified changes which occur 
in the world by the eifeas they produce on our sense organs, and apostro- 
phized the source of such changes by agencies such as light which we see 
with our eyes, heat which we feel on the skm, sound which we hear with 
the ears Where the sense organs failed to trace out the sequence of change 
m the physical world, an earher, purely amimsuc, view dommated the 
science of classical antiquity Chemical changes were assigned to “spirits,” 
the activities of orgamsms to “will,” “entelechy,” and the like Mechamcal 
changes (i e movement from place to place) produced by slave labour, or 
that of animals, received bttle attention While Anstotle’s doctnne that 
some men are bom to work and others to enjoy leisure prevailed, there was 
no social urge to make an inventory of resources for diminishmg irksome 
labour 

In the transition period of the seventeenth and eighteenth centuries 
various social mfluences conspired to emphasize the mterconnectedness of 
all natural phenomena The world was outgrowmg Anstotle’s soaology as 
it had already outgrown Aristotle’s mechanics. In civilized countries human 
life was no longer as cheap as it had been m the^avilizations of antiquity 
The growth of an economy relymg more and more on mechamsms which 
do not depend on the labour of human bemgs or beasts of burden demanded 
an undcrstandmg of how to produce mechamcal changes m the most 
economical way In growmg out of Aristotle’s mechamcs and Plato’s astronomy 
science had also outgrown their idealism A more matenahstic outlook 
among men of science was not propiuous to the survival of spirits^ and the 
discovery of a third state of matter banished spirits from the realm of 
chemistry altogether The growth of experimental techmque side by side 
with mcreasmg rehance on mechamsm m social hfe made it more and more 
clear that the agencies to which we assign specific changes m one or other 
of our sense organs are not so distmct as they seem to be 

For instance, a source of “light,” e g a dayhght lamp, can be recognized 
without exertmg any direct effect on our eyes It can produce chemical 
change m a photographic plate It can raise the temperature of a thermometer 
bulb coated with lamp black It can direct the movements of an msect, and 
lorce the green plant to manuiacmre starch So soon as we measure “heat” 
we abandon the skm sensations of hot and cold and substitute a purely 
mechamcal cntenon — the length of a column of mercury Though we usually 
detect this by usmg our eyes, it would be quite easy (if we were blmd) to 
construct an apparatus to register mcrease m temperature by the rmging 
of a bell * pAperiment teaches us that sound is the way m which one of the 
sense organs detects mechamcal movements of a certam type We can 
recognize the same movements with our eyes by strewmg lycopodium powder 
m an organ pipe 

* As Mr Chesterton sings 

‘A man eats clocks m Camber\vtU, 

A man plays b illiar ds m the dark 
Sorely by the sense of smell, 

. But cases of that kind are rare ** 
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A most important signpost m this change of outlook was the study of 
combustion, which occupied so much attention m the age of coal power 
Flame was no longer something It had come to be recognized as one of the 
ways m which our sense organs detect the complex type of changes which 
we call chemical^ affecting several of our sense organs in a variety of ways, 
and It had become important to measure how much flame can be got from 
a defimte quantity of fuel When we say that hght, heat, sound, electricity, 
or motion are forms of “energy,” or that a lamp, a hot bottle, a coiled sprmg, 
a loud speaker, or a dynamo, are sources of energy, we mean more than the 
fact that we recognize hght by its effect upon a green plant as well as its 
effect upon our eyes, heat by the length of a column of fluid as well as by 
our finger tips, sound by the depth which the recordmg needle of a gramo- 
phone makes on the unfimshed record, or an electric current by the movement 
of a magnet, chemical decomposition, and the heating of a wire Besides 
this we mean that all the changes which ocair in the worlds however they may 
he detected by our senses^ are related in a way which we can measurey if we 
choose the right way of estimating the amount of change This relation is 
embodied m the two pnnaples called the Conservation and Degradation 
of Energy 

The I^w of the Conservation of Energy or ±e First Law of Thermo- 
dynamics, which is the common prmaple of all the natural sciences, is usually 
expressed by saymg that when energy is destroyed m one form, it appears 
m a correspondmg quantity m another form This is a metaphorical way of 
stating that m any sequence of changes which occur m nature, the amount of 
each of them is related to that of its predecessor m a fixed proportion In 
other words, we can make an mventory of the resources of mankind for 
eliminating the necessity of physical labour In the laboratory the important 
steps which estabhshed the prmaple were 

(a) Black’§ discovery of the Latent Heat of change of state, le that a 
source of heat can produce physical change without rise of temper- 
ature 

(Jb) The discovery of the nature of combustion Crawford, and after 
him Lavoisier and Laplace, showed that ammal heat or the heat of 
a candle flame alike bear a constant relation to the amount of oxygen, 
food, or wax used up 

(c) The determination of the mechamcal eqmvalent of heat by Carnot 
about 1824, by Mayer, and more exactly by Joule m 1841 This 
provided an exact theoretical basis for desigmng the heat engme 

The prmaple of the Conservation of Energy (sometimes called the First 
Law of Thermo-dynamics) shows us how to make an mventory of the social 
effiaency of man’s command over nature A human bemg is a source of heat, 
of mechamcal atuvity, and of the manufacture of new matenals There exists 
a fixed relation between a given quantity of all three and the disappearance of 
a given quantity of oxygen m the body This is what we mean when we say 
that a diet must contam the eqmvalent of so many Calories for an mvahd, 
or so many Calones for man doing hard manual work, and so many Calories 
for a nursmg mother The law prescnbmg that a cubic foot of gas must be 
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equivalent to so many thermal uniU (calories on the Continent) is based on 
the same eqmva/ence The fact that so many units of mechanical work (e g 
the rotation of a system of wheels) correspond to so many units of heat means 
that if we use a certam quantity of heat to dnve an engine we know the 
greatest possible amount of work which we can get out of it If M is the 
mechamcal equivalent of heat (m ergs per calorie), and W ergs of work are 

W 

performed, the amount of work done is equivalent to — umts of heat 

(calones) If the quantity of coal or petrol consumed is equivalent to H 
calones, the ratio of the amount of work done to the total source of energy 
used up is 

W 

MH 

This IS the efficiency of a heat engme, and the problem of economical design 
is to make this fraction as near as we can to umty 
A special reason for measuring any other kind of change m equivalent 
umts of heat is that the destruction of any form of energy ultimately leads 
to the production of heat If a source of light plays on a blackened surface, 
e g a tliermometer bulb coated with lamp black, it produces no visible 
effect on the lamp black As light it is destroyed In its place the black 
surface has acquired “heat The mercury column shows that it is \^armer, 
if the thermometer is a sensitive one If a heavy wheel is set going and left 
to Itself m a closed chamber from which heat cannot escape, it keeps gomg 
up to a point However, the prmciplc of mertia is only an approximate truth 
The wheel eventually stops In the mechanics of Newton this was expressed 
by saymg that the inertia of the wheel is opposed by another force called 
hncaon This friction is only a name for the fact that the bearmgs and the 
air around the wheel are being heated up By the time the wheel is brought 
to rest, a certain quantity of mcchamcal energy (“kinetic** energy) has been 
destroyed If W units of mechamcal work are required to stop the wheel, 
W 

^ umts of heat will have appeared m the chamber by the time it stops What 

will be the ultimate fate of the heat produced^ In either of these situations 
we could conceivably use some of it to do mechanical work, but we know 
no way of avoiding a certain amount of leakage 

In dealing with heat it is impossible to make a reservou: that does not 
leak What happens when a leak occurs^ In the long run the temperature of 
the surroundings rises imperceptibly, and the temperature of the ther- 
mometer bulb or the closed chamber falls till it is the same as that of its 
surroundmgs Thus we always seem to be losing a certam fraction of our 
resources for performing work In the steam engme all the coal which is 
used to raise the temperature of the water to boihng pomt is 'so much waste 
of calones When this gross waste is reduced to a minimum the fact remams 
that the best lubricated wheels get hot, and some of the kmenc energy of 
the flywheel and every other wffieel m a factory is being used to manufaaure 
calones mstead of calico 

This umversal “degradation of energy’* m no way conflicts with the state- 
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ment that energy cannot be destroyed The first law of thermodynamics 
tells us how capacity to produce one sort of change is measurably comiected 
with capacity to produce another It thus tells us where there is a limit to 
our efforts m designmg a perfectly efficient engine Experience also assures 
us that we can never quite reach this goal A heat engine is a device by which 
the difference of heat potenUal between the outside air and the boiler is 
converted into a difference of work potential, as when a weight is lifted How- 
ever much trouble we take to insulate the boiler or to lubricate all the bearings, 
the system is constantly losing heat The atmosphere is becoming hotter 
and the same difference of heat potential is only preserved by using more 
fuel Since no known object can for long maintain a fixed temperature in 
excess of its surroundings, it seems that the temperature of different parts 
of the umverse, as we know it, is continually becoming more imiform, and 
that Its ulumate fate is complete umformity of temperature with the dis- 
appearance of all the changes which we distinguish as electrical, sounds, 
light, and so forth 

The imagmation of a Heath Robinson might easily devise a refrigerating 
machine to keep all the bearings of another mechamsm or the air in contact 
with the boUer of a steam engine at the same temperature The refrigerating 
machine would have to do work to accomplish tins result So the umversal 
degradation of energy or the impossibility of perpetual motion may be stated 
in another way Work has to be done to transfer heat from a colder to a 
hotter body This is sometimes called the ‘‘second law of thermodynamics ” 
On the face of it, there is no obvious reason why we should mvest this asser- 
tion with the digmty of a law The need for stating it becomes clear only 
when we are deahng with compheated changes, the details of which are not 
fully understood The so-callcd second law is then a useful mnemomc to 
remmd the mathematician of the direction m which heat flows m the real 
world As such it helps him to keep his bearings It does not justify pessimism 
about the human experiment durmg the next few milhon years Lugubnous 
and somewhat mystical reflections which have been prompted by the degra- 
dation of energy and the impossibihty of perpetual moaon exercise a pecuhar 
fascmation It is diflftcult to explain their popularity, which may owe some- 
thing to the fact that human nature shrinks from the imagmative elfort of 
usmg science constructively To the extent that it shirks the soaal challenge 
of new scientific knowledge, it is forced to behttle the scope of human 
achievement One way of doing so is to contemplate a comfortably remote 
prospect of cosmic bankruptcy 

The Energy Concept links all the processes with which natural science 
deals m one system of measurements This means that we can cost the 
relation between soaally organized human activity and resources available 
for satisfymg the common needs of mankmd In the past our use of available 
substitutes for human effort has been left to the capnee of social mstitutions 
which prevailed when irksome toil for the many was a necessary condition 
of cultured leisure for the few We could now undertake an mventory of the 
umverse, puttmg on one side the debt of calories eqmvalent to human effort 
expended and on the other the credit of calones m available sources of 
energy hberated Thus we could apply an objective entenon to the ef&aency 
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of the social machine as we can to the steam engme We should then have 
the basis for a scientific economy of soaal relations m which the concept of 
free energy would take the place of free trade 

At present we assess the effiaency of our social machmc by the results 
of social practices which mankmd adopted before understandmg the powers 
at Its disposal For mstance, we say that a scientifically planned economy of 
food production would not “pay,” and that it “pays” to mvest m armament 
shares To say that it pays to pile up a huge debt of calories m makmg 
thermite bombs, poison gas, and concrete shelters is equivalent to saymg 
that the pnvate control of credit by banks is not compatible with a rational 
system of costmg resources for human weJlbemg What is called economics 
today is mostly concerned with verbal assertions m which words are used 
in this antisocial sense Economics will be a science when it adopts a costmg 
system based on natural laws m conformity with Bacon’s doctrme that “the 
true and lawful goal of the sciences is none other than that human life be 
endowed with new powers and inventions ” Since Bacon wrote ±ese words 
the encouragement of the natural sciences has abundantly justified the expen- 
diture of effort on them The social sciences cannot hope to enjoy the same 
presage till they can also show us how to change the world The true and 
lawful goal of the social sciences is that human life be endowed with new 
discoveries of soaal orgamzation to use our newly-found knowledge of 
nature The history of the steam engme has been a continual progress towards 
a goal which can never be fully attamed It is merely silly to use the word 
Utopian as a term of abuse 

The sigmficance of Energetics m soaal relations will be clearer when we 
study m the next chapter the results of supersedmg steam power by 
electricity The dynamo which supphes energy for xht use of electrically- 
dnven machmery can be driven by waterfalls From the standpomt of the 
engmeer the efficiency of the dynamo (i e the proportion of electrical energy 
It dehvers to the mechanical energy used in drivmg it) is about three times 
as high as that of the most efficient heat engine That is only one side of 
the quesaon Once it is made it reqmres the expenditure of no human 
labour to replenish the supply of potential energy which drives it 
The steam engme must be fed perpetually ^^ith fresh supphes of 
potential energy m the form of coal, which can only be brought from the 
bowels of the earth and transported to the boiler by human effort Thus the 
working of the steam engme mvolves a certam debt of human calories for 
every umt of human labour saved m addition to the debt of calories which 
IS paid by the coal As compared with the dynamo the social balance-sheet 
of the steam engme would thus reveal a far lower effiaency than the engmeer’s 
estimate of its workmg effiaency When the economist says that the capital 
cost of hydroelectnc power would exceed the cost of an equivalent quantity 
of fuel over a number of years, the engmeer may reply that society is a 
contmuum and that soaal plannmg, unlike latssez-faire^ need not be limited 
by the expectauon of life of captams of mdustry If the Bank of England 
decides that hydroelectric power would not “pay,” the only conclusion to 
be drawn is that we need to mvent new soaal machmery for capitalizmg 
our resources 
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The low effiaency of the best heat engines — less than 30 per cent — is no 
objection to the use of heat^ provided fuel can be supphed without the 
expenditure of human effort The heat engmes devised so far use the chemical 
energy of coal and petrol Its ultimate source is solar radiation which could 
be applied to power production without wastmg human calories m diggmg 
It out of the earth Babbage (1832) hints at one feasible method in the 
concluding chapter of the Economy of Manufactures 

The discovery of the expansive power of steam, its condensation and die 
doctrme of latent heat has ^eady added to the population of this small island, 
millions of hands But the source of this power is not without limits and the coal 
mmes of the world may ultimately be exhausted wc may remark that the 
sea itself offers a perennial source of power hitherto almost unapplied The 
tides, twice m each day raise a vast mass of water which might be available for 
dnvmg machmery But supposmg heat still to remam necessary, when the 
exhausted state of our coal fields renders it expensive, long before that period 
arrives other methods will probably have been mvented for producing it In 
some districts there are sprmgs of hot water which have flowed for centuries 
unchanged m temperature and there can be litde doubt that by bormg 
a short distance a stream of high pressure would issue from the orifice In 
Iceland the sources of heat are still more plentiful The ice of its glaciers 

may enable its inhabitants to liquefy the gases with the least expenditure of 
mechanical force and the heat of its volcanoes may supply the power for their 
condensation Thus m a future age power may become the staple commodity of 
the Icelanders and the inhabitants of other volcanic districts 

Such a scheme could be put mto operation by the Soviet Umon with its 
large tract of ice-bound coast hue The temperature of the air m the arctic 
winter is below the boilmg-pomt of ammoma Owing to its high heat 
capacity that of the sea never sinks below it Hence the difference m temper- 
ature between the air and sea m arctic wmter could be used to make an 
ammoma refrigeratmg machme work “backwards ” The stored solar energy 
of the sea would take the place of a perpetual boiler The low temperature 
of the arctic wmter air would mamtam the external conditions of a condenser 
No fuel would be required The necessary supply of ammoma to replemsh 
mevitable waste could be obtamed as a by-product from a long overdue 
scheme to conserve the world’s limited supply of phosphates now wasted 
by foulmg the coastal waters with sewage While solar radiauon contmues 
to supply the basic conditions for the existence of life on our planet, unlimited 
resources of power now he withm our grasp Faced with this prospect a 
decaymg social culture is witless enough to welcome the Press lords’ appeal 
for a moratorium on mventions The result is that a new soaal orientation 
IS m progress On the threshold of the modem era of power production 
science was the ally of capitahsm This was mevitable, as Needham remmds 
us m his refreshmg essay. Laud, the Levellers^ and the Virtuosi: 

Seventeenth-century science was expandmg in the closest relationship with 
industrial enterprise The scientific men took, mdeed, little or no part m pohtics, 
but they defimtely depended for their support on the party diametrically 
opposed to the two groups desenbed above, namely, the Laudian Churchmen 
and the Levellers The former were representatives of a dymg pre-saentific 
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collectivism, the latter were pioneers of a collectivism to which even yet we 
have not attamed It was mevitablc that the scientists should be on the other 
side, smce only capitahsm, with its encouragement of technology, would afford 
science with the means of its development 

Today the economist is the ally of the banks, because it “pays” bankers 
to endow a humamsm with no roots m genmne science Saentific workers 
themselves begm to see that the wage system, like chattel slavery, is an 
obstruction to man’s creative mgenuity, and that the future of power pro- 
duction hes m a soaety with a collective system of natural credit Only 
collectivism by its encouragement of technology can now afford sacnce with 
the means for its further development 

MAYER’S CALCULATION OF THE MECHANICAL EQUIVALENT OF HEAT 

It IS often difficult to make a direct determmauon of a physical measurement 
with great accuracy When a rough estimate has been made m estabhshmg 
the new rule, more precise values can be obtained by exammmg the relation 
of the rule to other established truths For instance, tlie direct determmation 
of g before the days of cinematography and electrical recordmg apparatus was 
a very rough-and-ready procedure, and more accurate values were obtamed by 
apply mg the principle of constant acceleration to the known behaviour of the 
pendulum The citation from Crowther given on p 615 refers to an mdirect 
method by which the mechanical equivalent of heat can be calculated from 
observations on the specific heat of gases 

That the specific heat of a gas measured in a closed vessel is not the same as 
its specific heat if measured in conditions permitting free expansion as the 
ternperature is raised, had been known for some time before the work of Mayer 
ana Joule Hence it is customary to distmguish between two numerical values 
for the specific heat of a gas One called the specific heat at constant volume 
is the number of calorics required to raise 1 gm through 1° on the centigrade 
(or the absolute) scale when the gas is contained in a rigid vessel, so that its 
pressure mcreases without any expansion The other called the specific heat at 
constant pressure is the number of calories required to raise the temperature of 
1 gm through r when the gas can expand to the volume it would occupy at 
the same pressure and the new temperature level 

If the specific heat of a gas at constant volume is S, , then the heat (Hy calories) 
required to raise the temperature of 1 gm from T^ to T, without changmg its 
volume IS 

H, =- S^T, - T,) 

If the specific heat of a gas at constant pressure (e g that of the atmosphere) 
IS Sp the heat absorbed (H^ calories) m raismg the temperature from Tj to 
To IS 

H;, - S;,(To - Ti) 

In this case besides raismg the temperature the volume is mcreased from 
Vi to Vi In expanding, the gas can do a certain amount of work to (m calories) 
by pushing out a piston, this must be made good m order to retain temperature 
Tj at volume v^ Hence 

Hp = Hy + ty 

This expression is only true if all the quantities are measured m the same 
system of umts If M is the number of work umts per calorie (mechanical 
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equivalent of heat) and if W is the work done^ in work units, il may be put in 
work units throughout as follows 


MSp(T^ - Ti) = M S,(T3 - Ti) + W 

Sy) — ,=; (l) 

The work done by a gas m expandmg from to V 2 at constant pressure is easy 
to express If contamed m a cylmder of sectional area A, the piston is pushed 
out a certam distance d in keeping a constant pressure P equivalent to that of 
the outside air The increase of volume (V 2 — is therefore Ad The force 
exerted (see p 369) on the piston head is PA and, since it moves through a 





Fig 300 —Work Done in Expansion of a Gas by Heat at Constant 

Pressure 

If the gas IS heated so that it expands from to pushing out the piston through 
a distance Xj — x„ the work done is the product of (x, — x^) and the force (F) acung 
on the piston The atmospheric pressure agamst which the piston acts is the force 
exerted per unit area Hence F = PA The work done against atmospheric 
pressure is 

PA(x, - X,) 

~ P(Ax 2 — Axi) 

= P(V2 - V,) 


distance d agamst this force, the work done by the gas against atmospheric 
pressure (Fig 300) is 

(PA)d = P(ti2 - v{) 

Accordmg to the gas law (p 425), 





P(v^ - V,) = ^(Tg - Ti) 


And smce the pressure and volume of n gram-molecules or mols of a gas are 
connected by the equation 


Pu 

Pv 


nRTy (p 479) 


i = nR 
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Hence the work done in expanding from to is 


«R(T2 -- T]) 


Substituting this value for W in (i) we have 


M(Sp - S») = nR 

S - S =”-5 

^0 

In deriving this formiild the quantity of gas is assumed to be 1 gm Since 
one gram molecule of hydrogen is about 2 gm ^ n = J if the gas is hydrogen 
According to the best modern determmations at ordinary room temperatures 
tne specific heats of hydrogen determmed respectively at constant pressure 
and constant volume arc 1 39 and 2 41 Hence 

S;, - = 0 98 

0 98 - IR - M 
M = R - 1 96 

If we wish to get M from tlus m a particular set of umts we must measure all 
quantities mvolved in the same system Specific heats are calculated m calories 
per gram and ergs m dyne-centimetres Hence to get M as the number of 
ergs per calorie R must be expressed in internattonal units We know 
(p 479) that 1 mol occupies 22 4 lures or 22,400 c c at 1 atmosphere pressure 
when tlie absolute temperature is 273° One atmosphere pressure is the pressure 
of 71) cm of mercury In units of force tlus is Hdg where d is the density of 
mercury, 13 0 gm per c c Since g 981 cm per sec J atmosphere exerts a 
force of 

70 X 13 0 X 981 “ 1 014 X 10® dynes per sq cm 

1 or I mol 

R pt; - T 

1,014,000 X 22,400 — 273 
=- 8 32 X 10’ m mternational metrical units 
M -- (8 12 X 10’) - 1 96 
= 4 24 X 10’ ergs per calorie 

Miyer did not get a very accurate value for M because the specific heats of 
gases had not been determined with great accuracy at that time The best 
modern determinations of M by other methods give its value as 4 185 x 10’ 
ergs per calorie The value 4 2 > 10’ is good enough for most purposes 


EXAMPLES ON CHAPTER XII 

I, An aluminium vessel weighmg 35 gm contams 125 gm of water at 21° C 
A piece of brass weighing 30 'j gm transferred from a beaker of boding water 
raises the temperature of the water in the alummium vessel to 23° C If the 
specific heat of alummium is 0 2 1 calculate that of brass 

2 A copper vessel of mass 20 gm contaimng 120 gm of a liquid is heated 
to 100° C and immersed in 300 gm of water at 13° C contamed m a copper 
calorimeter of 80 gm mass The temperature of the w^ter rises to 27 6° C 
Fmd the specific heat of the liquid taking that of copper to be 0 1 
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3 A copper vessel holds 80 2 gm of water at 14 9° C More water is 
added at 30 2° C till the total water content is 123 1 gm After stirrmg, the 
temperature is 20 1° C What mass of water has the same thermal capacity as 
the copper vessel? 

4 A vessel, with water equivalent 20 gm , contains 180 gm of paraffin oil at 
20° C When a piece of ice at 0° C weighmg 12 gm is put into it the tempera- 
ture of the mixture is 10° C when all the ice has melted What is the specific 
heat of the paraffin oil takmg the latent heat of water as 80? 

5 The temperature of water m a copper vessel, whose thermal capacity 
together with that of the water it contams is equivalent to that of 100 gm of 
water alone, is 40° C Fmd the final temperature after stirring if 30 gm of water 
are taken out and replaced by the same quantity at 10° C 

6 In a metal condenser weighmg 305 gm , and contaiiimg the same mass of 
water at 2 1° C , steam condenses till the total mass of water has risen to 3 1 1 2 gm 
and the temperature is 32° C It the thermal capacity of water is 9 times as great 
as that of the metal, calculate the latent heat of steam 

7 A copper calorimeter contaimng 100 gm of water at 12° C has 56 gm of 
water at 30° C added to it The temperature of the mixture is found to be 
18^ C Fmd the water equivalent of the calorimeter 

8 A metal vessel weighs 50 gm and contams 68 gm of water at 15 5° C 
The specific heat of the metal is 0 1 From a beaker at 97 5° C a piece 
of un alloy is transferred to the vessel and the temperature of the water 
goes up to 19 6° C The vessel is agam weighed with the alloy and water 
con tamed in it, the total weight bemg 173 gm Fmd the specific heat of 
the alloy 

9 When a lump of metal weighmg 100 gm is heated to 100° C and im- 
mersed m 100 gm of water at 12° C the resultmg temperature of the mixture 
is 20° C If the water is contamed m a calorimeter of water equivalent 12, find 
the specific heat of the metal 

10 If the specific heat of iron is 0 119, to what temperature must we raise 
an iron weight of 5 2 lb so that it raises the temperature of 1 1 lb of water from 
14° to 26 4° C ? 

11 16 gm of iron at a temperature of 112 5° C are dropped mto a cavity 
m a block of ice, meltmg 2 5 gm of ice What is the specific heat of iron if the 
latent heat of water is 80? 

12 The specific gravity of turpentme is 0 87 and that of ethyl alcohol 0 80 
The specific heat of turpentme is 0 42 and that of alcohol 0 6 What is the 
final temperature if equal volumes of alcohol at 6° C and turpentme at 60° C 
are mixed? 

13 Define latent heat Fmd how much ice at 0° C 1,000 gm of steam at 
100° C would melt if the resultmg water was at 0° C Take the latent heats of 
steam and water as 537 and 80 respectively 

14 If 15 gm of ice at 0° C placed m 150 gm of boilmg water lower its 
temperature to 83 6° C calculate the latent heat of fusion neglectmg the 
thermal capacity of the vessel 

1 5 A shallow pohshed vessel supported on three corks contams 1 lb of hot 
water If the temperature falls from 90° to 80° C whilst 0 25 oimce is evapora- 
ung, calculate the latent heat of vaporization of water, neglectmg heat lost by 
radiauon, convection, and conduction 

16 Davy’s classical experiment depends on the fact that the thermal content 
of ice is less than that of water Usmg also the data of Example 14, calculate 
the specific heat of ice from the fact that 15 gm of ice at — 20° C. lower the 
temperature of 160 gm of boiling water to 82 • 7° C. 
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17 If the specific heat of ice is 0 5, the latent heat of Steam is 537 calories, 
and latent heat of freezmg water is 80 calories per gm , find to what final 
temperature 120 gm of water at 15'^ C will be raised or lowered if 50 gm of 
ice at — 26'’ C are put in xt and stirred by a current of steam at 100° C till 
the total weight of water is 175 gm after all the ice has melted 

18 Which would be preferable material for a teapot 

(а) A substance with high conductivity and high specific heat> 

(б) A substance with low conductivity and high specific heat? 

(c) A substance with high conductivity and low specific heat? e 

(d) A substance witli low conductivity and low specific heat^ 

19 The thermal conductivity (K) of a substance is defined as tlie quantity 
of heat which passes in umt time through a cube of umt volume when the 
difference m temperature between opposite faces is 1° The quantity (Q) is 
directly proportional to the temperature gradient, time, and area, and mversely 
proportional to the tluckness (d) of material Hence if f = time, A = area, and 
T temperature 

K 

At(T, - T,) 

Calculate the heat loss when an iron boiler of thickness 0 5 cm and conduc- 
tivity 0 2 (m international metrical units — cm , secs , degrees centigrade) with 
a crust of 0 4 cm thickness and conductivity 0 001 is kept at 300° C m an 
atmosphere of 120° C 

20 If the thermal conductivity of copper is 0 how much heat is con- 
ducted m 1 second tlirough 1 square metre of a copper plate of thickness 3 cm 
when one face is kept at 30' C and the other is kept at 30 2° C ? 

2 1 Calculate the number of ergs in a foot lb , the number of ergs equivalent 
to 1 foot poundal, and the number of ergs equivalent to 1 British thermal unit 
( -- '77h ft lb ) 

22 In a closed metal vessel contairung 2,010 gm of water, 0 74 gm of 
petrol lb burned The temperature rises 3° C If the thermal capacity of the 
vessel is equivalent to 710 gm , calculate the heat of combustion of the petrol 
per gram 

23 Fmd m (i) mternauonal units, (u) foot poundals, 

(u) the work done when a 10-gm weight falls 10 feet under gravity, 

(d) the work done in impartmg a velocity of 1 metre per second to a 5-lb 

weight 

24 A drop of mercury falls from a height of 15 metres on to a surface which 
IS a very bad conductor of heat If the specific heat of mercury is 0 033, how 
much is Its temperature raised? 

26 Fmd the heat production m (a) calories (6) B Th U when a 64-lb weight 
movmg with a velocity 1 km a second is brought to rest by friction 

26 (a) If I gallon of water weighs approximately 10 lb , how many therms 
are required to prepare a bath of water containmg 45 gallons at 120° F , when 
the original temperature of the water is 62° F ? 

(6) If the combustion of 1 gm of good coal produces 8,000 calories, how 
much coal would be used if there were no heat loss ? 

(c) If 1 cub ft of gas is equivalent to 0 0045 therm, how much gas would be 
reqmred ? 

(d) If 100 cub ft of gas costs fourpence, what would be the cost of the bath? 

27 A reservoir is 935 feet above a water turbme Fmd the potential energy 
(foot pounds) of 1 cub ft of water m it, takmg the weight of 1 cub ft of water 
as 62 4 lb. 
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28 If a steam engme of 6 per cent effiaency consumes m one hour 66 lb 
of coal whose heat of combustion is 36 x 10^ calories per lb , find its horse- 
power, taking 1 ft lb as equivalent to 13,660,000 ergs 

29 Fmd the horse-power required to give a locomotive weighing 300 tons 
a velocity of 30 miles per hour in IJ minutes 

30 How many cubic feet of water will a 10 h p engme raise from a mme 
300 feet deep m one hour? 

31 The specific heat of lead is 0 032 If a lead bullet strikes an iron target 
which stops It dead at a speed of 350 metres per second, calculate its rise in 
temperature on the assumption that half the heat developed is given up to the 
target 

32 If a bar of iron 12 mches long weighing 2 lb is rotated about an axle 
1 mch m diameter through its mid-point by a fallmg weight attached to a strmg 
wrapped round the axle, find (a) how far the weight of 5 lb must fall to bring 
its speed up to 1,000 revolutions per mmute if no heat is produced, (6) how 
much heat would be produced, durmg the time taken for it to run down, when 
the weight is cut away Warning Do not forget the kmetic energy of the falhng 
weight 

33 Calculate the moment of mertia of a flywheel 2 feet m diameter weigh- 
mg 3 cwt. m British and mternational umts, its kmetic energy when it is revolvmg 
at 1,000 revolutions per minute, and the heat production when brought to 
rest (m both systems) 

34 If 1 htre of au* at 0° C is raised through T, pushmg out a piston against 
an atmospheric pressure of 76 cm , how much work is done m ergs^ 

35 Takmg mto account the heat produced by friction in a crane worked by 
a 10-h p gas engme, the efficiency of the latter is 25 per cent If 1 cub ft of gas 
produces 450 B Th U , how many feet of gas will be used in hftmg a weight of 
1 ton through 100 feet? 

36 How much work is required and what is the final pressure if a litre of 
air measured at 76 cm pressure is compressed to two-thirds its volume 

(a) m a vessel which allows the free escape of heat? 

(5) in a vessel which allows practically no heat to escape^ 


THINGS TO MEMORIZE 

1 Law of thermal equilibrium If M^, grams of substance A, of specific 
heat Sa> and temperature are mixed with M^, grams of substance B of specific 
heat Sft and temperature and the final temperature of both is T, then 

S,Ma(T - ta) = -SftMftCT - tt) 

2 1 calorie = heat required to raise 1 c c of water through 1° C This is 
equivalent m work umts to about 42 million ergs 

1 B Th U = heat required to raise 1 lb of water through 1° F = 252 calories 
This is equivalent m work umts to about 778 foot pounds or 26,000 foot 
poundals 

heat cqmvalent of work done 
ciency o engme combustion of fuel consumed 

4 Work done m imparting a velocity u m a straight Ime to a body of mass 
m ~ imv* = kmetic energy 

6 1 horse-power — 33,000 foot pounds or about 1 06 X 10" foot poundals of 
work per 



CHAPTER XIII 


THE SOUTH POINTING INSTRUMENT 
AND THE LIGHTNING CONDUCTOR 

The eighteenth century was notable in the story of man’s conquest of power 
for the replacement of water by heat as a source of energy The chemical 
energy of combustible organic matter superseded the kmeuc energy of 
flowmg rivers The latter half of the mneteenth century mitiated a change 
which IS having equally drastic effects on the social habits of mankmd 
Mobile power is now transmitted over great distances by the grid system, 
and water power as the means of producmg electrical energy is takmg the 
place of coal and petrol To a far greater extent than m any previous technical 
development, except the growth of chemical manufacture dunng the same 
period^ this change is the outcome of new theoretical knowledge gamed 
through the encouragement of saentific research with little direct stimulus 
from a pre-existing technology 

This does not mean that the study of magnetism and electricity received 
no encouragement in its imtial stages from the everyday needs of mankind 
During the sixteenth, seventeenth, and eighteenth centuries steady but slow 
progress in the study of magnetic and electrical phenomena was recorded 
What progress occurred between 1600 and 1800 is nevertheless neghgible 
when compared with the strides made between 1800 and 1840 The rapid 
advance which then occurred was not precipitated by any manufacturmg 
process in which electricity or magneusm played a direct part It was chiefly 
fostered by rapidly growing mterest in theorencal chemistry durmg the rise 
of chemical manufacture, and thus benefited from the outlook of new mdus- 
tnal leaders eager to exploit new discoveries 
4 he phenomena of magnetism and electricity had attracted httle attention 
in the ancient world At a very early date the Chmese were familiar with the 
fact that pieces of certain natural iron ores have the pccuhar property of 
arranging themselves lengthwise along the meridian The south-pomtmg 
instrument was possibly used m navigation before the Christian era Thales 
{circa ()00 B c ) is reputed to have known that iron ores such as are found 
near Magnesia* in Asia Minor attract particles of iron and that when amber 
(Greek — electron) is rubbed it draws to itself hght particles of straw and dust 
Beyond these elementary facts nothmg was known dll the end of the sixteenth 
century in our own era Aside from thunderstorms which, of course, were 
acts of God, such phenomena of electricity and magnetism as surround our 
lives today had no part m the everyday life of early civilizations 
We do net know to what extent the floatmg magnet or mariner’s compass 
was used m ancient navigation Probably the Phoemcian traders and their 
successors in the Mediterranean rehed exclusively on the bcarmgs of celestial 

* “ The magnet's name the observing Grecians drew 
From the magneue region where it grew ** 

Lucretius 
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bodies It IS sometunes stated that the Arabs introduced the mariner’s 
compass into Europe This is not so There is a record which shows that the 
Norwegians were already faimhar with its use by the eleventh century of our 
era How the Vikings undertook long ocean voyages in which they established 
settlements m Iceland^ Greenland, and even as we now know m Labrador, 
would be a complete mystery if they had not been able to supplement the 
uncertam guidance of overclouded northern skies with the testimony of an 
instrument which they probably knew before there was flourishmg com- 
mercial mtercourse between Northern Europe and the Mediterranean Be that 
as It may, the lodestone, mentioned m Chaucer, had already become an 
important item of navigational equipment dunng the period when mercan- 



Fig 301 

Map showing probable route of Liet Ericsson’s Labrador voyage about the year 

A D 1000 

(After Thordarson’s Vmland Voyages, American Geographical Soc Research Senes, 

No 18) 

tile mtercourse was expandmg between countries of north-western Europe 
m the foimeenth century, and when the clock, as we may suspect for the 
same reason, was replacmg sundials By Elizabethan times, the craft of makmg 
and desigmng compasses for use m ships flourished in the large ports, and 
magnetism was becommg part of the everyday hfe of the world 

In previous chapters we have seen how two technological problems 
specially beset the practice of navigation during the period which witnessed 
the nse of the great scientific academies One was how to find longitude at 
sea m the absence of reliable chronometers The other may be summed up 
m the phrase “forecasting the weather ” What progress m the study of 
electro-magnetic phenomena occurred between 1550 and 1760 was largely 
influenced by the same considerations in the order given To understand 
how the study of magnetic phenomena became mvolved m the problem of 
longitude, it is necessary to know two simple facts about magnets When a 
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magneuzed bar of iron like the compass needle is freely suspended by a dun 
flexible filament or attached to a float on water, it turns so that one end— the 
north-seeking pole — pomts more or less towards the North Pole, and the 
other — the south-seeking pole — points more or less towards the South 
Pole It does not generally he exactly in line with the true, 1 e astronomical y 
meridian It is mclmed to it at an angle which differs at different places 
This deviation called “magnetic decimation” or the “vanation of the com- 
pass” was discovered by marmers, and was already known m the fifteenth 
century Columbus among others made careful records of how it vanes at 
any one time from place to place 

Using a mariner's compass is not so simple as our history books con- 
descend to divulge A ship traversmg the course of the Vmland voyagers in 



Fio i()2 — Dipping Neldle Used in Seventeenth- Century Navigation 

the year P)32 would start from the coast of Norway, where the needle points 
10° west of the true north Off the Shetlands it would point nearly 20° west 
of the celestial pole Near the coast of Iceland it would deviate by 30°, and 
off Greenland 40° On the coast of Labrador it would pomt agam 30° west of 
the true north So steering a true westerly course by a fixed magnetic beanng 
IS impossible It can only be done if you possess some knowledge of magnetic 
declinations Collectmg such information was a practical necessity of efficient 
seamanship, or any seamanship which relied at ^ on the use of the compass 
We can hardly doubt that Columbus merely repeated a routme which Viangs 
had long since practised 

Durmg the sixteenth century comprehensive observations of these varia- 
tions were made in sea voyages throughout the world Specific instructions 
that sea captains should record them are contained m the pages of Hakluyt's 
Voyages of Elizabethan Seamen About this time another fact emerged If a 



vanes from place to place In his voyage of 1608^ Hudson found that the 
needle was very nearly vertical at a place on Lat 75° N From these local 
vanaDons of magnetic decimation and dip there grew up the behef that 
the compass might be used to hx an observer’s longitude and latitude. 





634 Science for the Citizen 

The argument which encouraged this hope depends on the fact that an 
observer’s position can be fixed by any two systems of cnss-cross hnes like 
those of latitude and longitude on an ordinary map (Fig 303) If we could 
draw across the parallels of latitude Imes )oming pomts with the same com- 
pass variation (which changes mainly as we move east or west) we should 
have a second coordmate of reference to supplement observations of the 
former from mendian alntudes If we draw across such lines of equal com- 
pass variation intersectmg hnes of equal dip (which vanes mainly as we go 
north or south) we should have a complete specification of position from 
magnetic and mendian observations alone This hope dogged nautical science 
till the end of the seventeenth century, when The Longitude Foundy pubhshed 
in 1676 by Henry Bond, was severely malhandled two years later by Peter 
Blackbarrow’s book The Longitude Not Found 

With the support of the British Government Halley prepared a great 
world chart for the year 17(X) Thereafter hope expired The reason had 
been apparently discerned by Flemish manufacturers of compasses in the 
sixteenth century Even then ±ey had to make allowance for it Both the 
compass variation and the dip vary from year to year as well as from place 
to place Whitaker gives the following changes m the deviations of the 
magneac needle at London from the true (astronomical) North Pole since 
the Elizabethan age 


1680 

11 TE 

1800 

24° W 

1665 

IfW 

1925 

13i°W 

1766 
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Though the quest was doomed to failure, it had results which were ulti- 
mately destined to be useful m an entirely different social context, and it 
encouraged the earliest systematic researches mto magnetic and electrical 
attractions The literature of magnetism begms with the observations of a 
Wappmg compass-maker, Norman, who published The New Attractive in 
1581 It is noteworthy because it breaks away from pre-existmg astrological 
speculations which variously located the pomt of attraction m the Pole Star, 
the Great Bear, or some mystenous mountam of unknown locahty Norman’s 
suggestion was that the ongm of the attraction hes m the earth itself This 
was put to expenmental test by Gilbert, whose demonstrations delighted 
the most highly cultivated monarch who has ever occupied the Enghsh 
throne The De Magnete^ pubhshed in 1600, is noteworthy because it is one 
of the earhest examples of a physical hypothesis based on the construction 
of a small-scale model Gilbert (Fig 304) made a large sphere of magnetic 
iron over the surface of which he could move a small compass needle suitably 
mounted Therewith he mapped out tlie surface of the sphere mto great 
circles of equal vanauon from pole to pole and small arcles of equal dip 
parallel to the equator, thus provmg that the earth’s behaviour is like that 
of a huge magnet of the same shape 

Gilbert’s book and his previous work profoundly influenced Bacon It 
is also notable for a hypothesis which, though wrong, exerted a very fruitful 
influence on later physical research He supposed that the stm, earth, moon, 
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and planets are all endowed with magnetic properties, and Kepler adopted 
the suggestion as a possible explanation of planetary motion Without doubt 
this prepared the way for the doctrme of attraction at a distance embodied m 
Newton’s prmaple of umversal gravitation, and determmed the course of 
researches towards the end of the eighteenth century, when Priestley and 
Cavendish showed that magnetic and electneal attractions vary mversely 
with the square of the distance. The experiments which ultimately proved that 
the mverse square law apphes to magnetic and electrical as well as to gravita- 
Donal attraction depend on testmg devious and mdirea inferences from the 
law It IS easier to see how these discovenes were made, if we recognize at 
the outset the close connexion between earher speculations on the same 
topics, and the ample mathematical development of the theory of gravitational 
attraction waitmg to be used. 

The early assoaation of magnetic and gravitational theory explams why 


C 



Fig 304 — Gilbert’s Tereixa 


the phenomena of magnetic and electrical attraction engaged the interest 
of Hawksbee and others in the early days of the Royal Society It would be 
consistent with the foUies of the raciahst doctrmes now prevalent m Germany 
to attnbute Enghsh leadership m the beginnmgs of power production, or, 
equally, Amencan leadership m its more recent phase, to the pecuhar natural 
endowments of the Anglo-American peoples. Such a supposition would be 
gratmtous Economic, physiographical, pohtical, and cultural circumstances 
conspired to give Bntam special opportumnes in the seventeenth century 
Her nch coalfields, isolation from the devastations of the Thirty Years’ War 
which ravaged Germany m the post-Reformauon period, the pohtical 
supremacy of the Enghsh mercanrfe classes, among other circumstances 
favoured the technology of steam. In her bid for mantime supremacy, 
England’s backwardness m astronomical lore and her northerly situation 
were both propitious to a new technology of navigation adapted to the experi- 
ence of her seamen. 

The facts about magnetic attractions known by the begmnmg of the 
eighteenth century mclude httle ±at was not estabhshed by Gilbert and 
his immediate successors. They may be summarized under three headmgs 
First, the power to attract iron and to exhibit a polanty when firee to move 
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m the earth’s field is possessed by certain natural iron ores, by bars of iron 
which have been allowed to rest m line with the magnetic meridian or by 
bars of iron which have been rubbed m a definite direction by magnetic 
ores (or by other magnets ongmally prepared m this way) Second, all bodies 
which ex^bit magnetic attraction have polarity the attractions bemg of two 
kinds (Fig 306 ) The north-seekmg pole of one suspended magnet repels the 
north-seekmg pole and attracts the south-seeking pole of another The 
south-seekmg pole of one suspended magnet repels the south-seekmg and 
attracts the north-seekmg pole of another one Third, when a bar of 
iron is placed lengthwise m Ime with the polar axis of a magnet the end 



Fig 30o —Elizabeth Watching Gilbert’s Experiments 


nearest to the nearer of the poles acqmres ±e opposite kmd of polarity, 
while it remains in that posiuon This phenomenon is called magnetic 
induction 


ELECTRIUCATION BY FRICTION 

In explormg the nature of terrestrial magnetism Gilbert made experiments 
on the tradmonal property of amber, and showed that resms, crystals, 
sulphur, and glass when rubbed acquire the power to attract substances 
other than iron The only important advance on these fragmentary observa- 
tions made durmg the seventeenth century was the work of von Guericke, 
whose researches on the air pump have been mentioned Guericke made a 
simple fncuonal machine, a large sphere of sulphur on an iron axle rotated 
by a handle and rubbed agamst the hand durmg rotation With this device 
he made two new discoveries One was that when some objects touched the 
electrified sphere they were no longer attracted but repelled. The other was 
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that some objects placed m the neighbourhood of the electrified sphere 
themselves became “mductivcly” charged, le capable of attraction and 
repulsion Better machines were made by a succession of imitators, of whom 
Hawksbee will be menaoned later 

The known phenomena described as electrical m the middle of the 
eighteenth century were, in general, effects associated with friction like ±e 
above At first attention was mainly focussed on the phenomena of attraction 
and repulsion The mam features of electrical attraction and repulsion 
depend on {a) the nature of the materials and Q>) the nature of electncal 
induction Broadly speaking, solids may be divided mto two classes If we 
hold a fountain pen of vulcanite, a stick of sealing wax, or rod of glass in the 
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Like poles repel and unlike poles attract 

hand, it becomes electrified when rubbed agamst the sleeve, a piece of fur, 
or a silk handkerchief A metal rod if held m the hand will not attract small 
fragments of tissue paper or dust particles when rubbed in the same way 
On the other hand, a metal rod will do so if it is mounted on a handle of 
glass or vulcamte Thus the two classes of bodies to which belong, on the 
one hand, substances like glass, amber, resin, sulphur, vulcamte, etc , and 
on the other hand, the metals, do not differ in ability to become electrified, 
as Gilbert beheved They merely differ m their power to retain the condition 
of being electncally charged Some bodies called insulators retain their charge 
and others called conductors give it up unless separated from contact with 
other conductors by an msulatmg material 
To test the presence of the electrified state a convement device is made 
by suspendmg a small ball of pith from a silk cord If a small plate of metal 
mounted on an msulatmg handle is first apphed to the surface of an electrified 
body, it will attract a suspended pith ball A glass plate does not do this So a 
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conducting substance is one which readily acquires as well as one which 
readily loses charge by contact Dry pith is a very poor conductor, and when 
a suspended pith ball is attracted to an electrified body it usually sticks 
to It If the suspended pith ball is coated with gold leaf it is violently repelled 
after it has been allowed to touch the electrified object which at first 
attracted it 

The circumstances in which attraction and repulsion are seen depend 
on the nature of tlie electrified body If a glass rod is rubbed with silk, it 




Fig 307 

Like charges repel and unlike charges attract The pith ball coated with gold leaf 
has the same kind of electrihcauon as sealing wax rubbed with fur 


first attracts, and on touching subsequently repels, a pith ball coated with gold 
leaf The same is also true of a piece of vulcamte rubbed with fur (Fig 307) 
At first sight the two phenomena are exactly alike, just as the attraction of a 
piece of iron to the north-seekmg or south-seeking pole of a bar magnet is 
ostensibly the same phenomenon Further expenment shows that electrical, 
like magnetic, attraction is of two kinds If a pith ball coated with gold leaf is 
repelled by a glass rod electrified by rubbing with silk, it is attracted to a 
vulcamte rod electrified by rubbing with fur A similar pith baU which is 
repelled by a vulcamte rod rubbed with fur is attracted by a glass rod rubbed 
with silk Thus the power of electrical attraction is of two kinds, like the 
two poles of the magnet Just as Uke poles repel and unlike poles attract, like 
charges repel and unlike charges attract 
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Since motion towards (attracuon) and away from (repulsion) a fixed pomt 
may be mathematically distinguished by the positive or negative sign, the 
two kmds of charge are now distmgmshed as negative and positive By 
convention glass which is rubbed with silk is said to be positively y vulcamte 
rubbed with fur negatively y charged These terms were mtroduced by Ben- 
jamm Frankhn Experiment shows that the sdk used to rub the glass attracts 
the pith ball which is repelled by the latter, and repels a pith ball which has 
been charged by contact with vulcamte rubbed with fur Similarly fur used 
to rub the vulcamte attracts a pi± ball charged with the latter and repels 




Fig 308 — Electrostatic Induction 

The egg-shaped metal conductor mounted on an insulated stand is initially neutral 
When the negatively charged rod (— ) is brought near it the opposite end is negatively 
charged, 1 e it attracts a pith ball coated with gold leaf previously charged by contact 
with a positively electrified rod If the rod is taken away, no attracuon occurs If while 
the rod is held in position the end B is connected to an earthed (E) conductor at C, the 
attraction ceases, but if the rod is withdrawn after the connexion with C is severed, 
the whole conductor AB is found to be positively charged, and will now repel the 
pith ball 


one which has touched a glass rod rubbed with silk The fur is positively 
and the silk negatively charged In general, when there is friction between 
bodies of different material, they thus acquire opposite charges 
The reason why a pith ball coated with conducting matenal is repelled 
by a charged body when it is allowed to touch it is that it acqmres the same 
kind of charge by contact Why then is it first attracted? The answer to this 
question hes m the phenomena of mduction To demonstrate the phenomena 
of mduction a convenient device is an egg-shaped metal body mounted on an 
insulating stand (Fig 308) When a charged rod is brought near one end (A) 
the other end (B) will attract an uncharged pith ball, or repel one which has 
been charged by the electrified rod One end therefore acquires the same 
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. hodv brought near the opposite extrcnuty 

sort of charge as an electrified ^ ^ disappears. If the end which 

jf the rod is removed the charge 0 /.Earthed”) while the rod is held m 
« ...r thepttb bsn ts touched ->omentanly{ earned ; 
posiuon the pith ball ceases to react When the too is 
the opposite behaviour It is now repelled 1 be metal mductor is now eiectn- 
fied with a charge opposite to that which its pointed extremity previously 
showed 

You can get a clear picture of these seemingly paradoxical effects if you 
adapt Gilbert’s method and make the pith ball a physical model of the 
phenomena observed Imagme that matter is made up of particles of two 
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Fig 309 — Electrostatic Induction 

Pith ball model to illustrate the particular view (i) an uncharged body witli equal 
numbers of positively and negatively charged particles, (u) a conductor charged by 
induction The positively charged particles are supposed to be held m posiuon by the 
attracuon of a negauvely charged body near the upper surface If the opposite lower 
surface is now touched with an earthed conductor the excess of negative particles 
escapes, Icavmg the conductor (lu) positively charged when the neighbourmg negatively 
charged body is withdrawn 


kinds like pith balls charged to the same attractive power positively and 
negauvely Whether these particles are molecules, atoms, or smaller than 
cither need not concern us at present If both kinds are present in equal 
numbers a body will exhibit no electrical phenomena When two bodies are 
rubbed, the loss of one kind, let us say negative particles, by one of them will 
mean that it has an excess of the other kmd, posiuve paiticles, and will 
exhibit positive electrilicauon Since this loss will entail a correspondmg gam 
to the other body, the latter will be negauvely charged This is m keepmg 
with the tact that the fur and the vulcamte or the glass and the silk acquire 
opposite charges If we bring a posiuvely charged rod (e g glass rubbed with 
silk) near an uncharged body, what will then happen^ If our parucles behave 
like pith balls one lot, the posiuvelv charged ones, will be repelled by the rod, 
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while the other, the negatively charged ones, will be attracted to the rod 
Hence there will be an excess of charged particles of opposite sign near the 
charged rod, and an excess of particles of like charge at the opposite end, 
which will, therefore, exhibit the same kind of attraction as the rod itself 
If we connect the positively charged end to the earth, negauve particles 
will be drawn mto this end by the attraction of unhke charges Its positive 
charge will therefore be neutrahzed, and the end connected to earth will 
appear to be discharged If the rod is now removed after connection with 
the earth has been cut off, there will now be an excess of negatively charged 
particles on the surface of the inductor, because all the while the positively 
charged rod was held in position it mamtained a concentration of negative 



Fig 310 —Electrostatic Induction 

Charging a gold leaf elearoscope positively by means of a negatively charged roa of 
sealmg wax rubbed with fur The earthed conductor m (11) must be disconneaed 
before the rod is removed 


particles at the end next to itself So the mductor will now be charged, and 
the sign of its charge will be opposite to that of the rod 
You can familiarize yourself with the phenomena of electrical mduction 
by applymg the same model to mterpret the behaviour of two simple 
devices, the gold electroscope and the electrophonis, which are also used to 
demonstrate them The gold leaf electroscope m Fig 310 is essentially a 
metal knob or plate connected with a rod at the ends of which two strips 
of gold leaf are mounted The rod is fixed on an insulated support, and the 
leaves are usually protected by a glass wmdow, which may simply be a bottle 
If a charged rod is brought near the knob, the leaves, which acquire the same 
charges by mduction, repel one another and diverge like the leaves of a book 
If the underside of the knob is touched while the rod is still held near it, 
the leaves collapse together, but when the rod is withdrawn they once more 
diverge and remam apart The electroscope is now said to be charged If 
when charged the ongmal chargmg rod is brought near the knob they collapse 
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again while it is held there, but if a rod of opposite charge is brought near the 
knob they will diverge more widely Thus the charged electroscope can be 
used to test whether a body is negauvely or positively charged Observation 
shows that the divergence of the leaves is greater or less according to the 
amount of rubbmg and the size of the charged body The electroscope can 
therefore be used as a criterion of the extent of charge, and thus to show that 
when two bodies are rubbed the opposite charges they acquire are of equal 
strength One way of doing tins is to make a flannel cap just fitting a vulcanite 
rod When the two are rubbed together, the flannel cap can be suspended by 
a thread attached to it side by side with the rod and near the knob of the 
electroscope No effect is then produced Tested separately, each produces 
equal divergence of the leaves when the knob is not earthed 



Fig 311 — Electrostatic Induction— the Electrophorus 
I he caithcd conductor (which can be a finger) must be disconnected before he 
metal plate is lilted off A spark can then be obtamed by touchmg the edge 


The electrophorus is worth mentioning, because it demonstrates another 
feature of electrified bodies Besides attractmg hght bodies, von Guericke’s 
frictional machme was noticed to emit mmute sparks with a crackling sound 
when touched Where the atmosphere is very dry, as m Canada, it is often 
possible to get small sparks by merely rubbing the hair The electrophorus 
consists of two parts One is a disc of vulcamte on a metal base (a gramophone 
record or the top of a tm filled with sealing wax serves) The other is a metal 
plate with an msulating handle The vulcamte disc is rubbed with fur or dry 
cloth If the metal plate is now laid on it and then removed, there will be no 
spark when the edge is touched with the finger If however the top of the 
plate IS touched while the metal plate rests on the disc the subsequent 
behaviour of the latter is different After liftmg it, a conspicuous spark is 
emitted when the edge is touched This can be repeated an indefinite number 
of times without rubbing the disc again To understand the modus operandi 
of this device, you must remember that the metaj plate only touches the 




The South Pointing Instrument 643 

uneven surface of the insulating disc at a few points, and since the latter is 
not a conductor it does not give up its charge appreaably through contact 
Charging occurs by induction The reason why we can go on “discharging” 
the electrophorus repeatedly is that the excess charge of the metal mductor 
comes from the immense resources of the earth The reason why the 
disc eventually loses its charge is that aur is not a perfea msulator, and, if 
moist, conducts appreciably Hence experiments with frictional electncity 
can only be rched on to give the results desenbed, if performed in relatively 
dry conditions. 

THE NATtJRH OF LIGHTNING 

If the metal disc of the electrophorus is brought near an electroscope 
before sparkmg it is found to be charged After sparking it is no longer 
charged. A spark therefore accompanies the discharge of an electrified body 
Careful observation shows that spark occurs immediately before the 
finger touches the edge of the metal plate Indeed, it is not necessary to touch 
the plate, if the finger or any earthed conductor is brought near enough 
This means that when an uncharged body is brought very near one which is 
highly charged, the mtervemng air ceases to msulate and acquires the power 
to conduct electnaty, a phenomenon accompamed by the evolution of great 
heat The production of hght, heat, and sound m the spark without the 
accompaniment of chemical decomposition of combustible material naturally 
attracted attention. It did so partly because of us oddity but also because it 
was the first natural phenomenon which suggested any resemblance to one 
of the most familiar and hitherto mexphcable charactenstics of storms 

The crackle of the spark which occurs when a charge is neutralized by earth- 
mg IS a immature thunder clap In everyday life thunder is commonly 
followed by ram, and there is nothmg unlikely m the supposition that the 
drops of moisture m clouds acquire an electrical charge by friction with tne 
atmosphere This view was stated by Wall, a friend of Boyle, m a paper 
pubhshed m the Philosophical Transactions of the Royal Society m 1708 In 
It he suggested that the lummous cracklmg of nibbed amber “seems m some 
degree to represent thunder and lightning ” A year later Hawksbec pubhshed 
his book Phystco-Mechantcal ExperimentSy and therem described a glass 
frictional machme somewhat similar to von Guencke’s. Benjamin Franklin, 
who founded the first Amencan Academy of Saences at Philadelphia to 
advance “useful knowledge” m 1743, was fired with interest for the new 
discovenes and their possible appheauons to thunderstorms The damp 
atmosphere of England and Holland is not well suited for experiments on 
fncdonal electrification, because it is not a good msulator Hence rehable 
results are diflBcult*to get, and require careful precautions which presuppose 
some knowledge of the phenomena themselves. Philadelphia, where Frankhn 
began his experiments about 1747, has a more propmous climate because 
the prevailing north-west wmds arc deprived of moisture m their passage 
over the Amencan continent, where the severe frost keeps the air dry 
m the wmter As Crowther remarks of Frankhn and his friends m American 
Men of SaencBy “stnkmg, easily repeated experiments assisted them to 
think out clear-cut thcones ” 
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Besides being a statesman, Bcnjamm Franklm was a man of science and a 
pioneer of secular scientific humanism. It was he who first mtroduced the 
terms positive and negative electncity He also proved the identity of thunder- 
storms and fnctional phenomena by a classical experiment first earned out 
in 1752 This experiment was the basis of the first practical appheauon of 
electncity m everyday life Durmg a thunderstorm near Philadelphia, FrsLik- 
lin flew a kite provided with a metal pomt connected with the wet hempen 
stnng To the lower end of the latter a key held by a dry silk cord to a tree 
was attached Fronl the metal key sparks were drawn oflF m rapid succession, 
whenever it was touched This at once led to the mvention of the hghtmng 
conductor A hghtmng conduaor is simply a metal rod projectmg well above 
a buildmg at its upper end and sunk deep m the earth ^^en a charged cloud 
IS above, the conductor acqmres a charge which leaks to earth If a discharge 
does take place the conductor acts like the finger applied to the edge of the 
charged electrophorus, neutrahzing the charge by earthmg 

Till the beginmng of the eighteenth century these new phenomena 
exhibited by bodies subjected to friction had been comparatively msignificant 
About the middle of the century attempts to improve the msulation of simple 
frictional machmes like those of von Guencke and Hawksbee led to new dis- 
covenes about mduction and the fortuitous mvention called the Leyden Jar 
The Leyden jar, so called after the home of its Dutch mventor, added a 
third to the hst of electneal properties of matter, and threw light on another 
mystery of outdoor life From ancient times it had been known that certam 
fishes, like the electric eel, can impart powerful "shocks” which produce 
violent muscular contraction, and may even kill an animal as ligh tnin g some- 
times kills men The mventor of the Leyden jar is alleged to have said that 
he would not have repeated his prmcipal experiment with it, if he were 
offered the crown of France 

An experiment with a metal mductor like the one m Fig 312 helps us to 
understand the Leyden jar, which is the parent of the "condensers” now 
used so widely as part of radio equipment If a charged conductor is con- 
nected by a wire with the knob of an electroscope, the leaves will diverge 
They do so because they then share the excess of positive or negative charge 
on the conductor If another msulated conductor is brought near the first it 
will have little effect on it unless it is earthed If it is connected to earth, 
the divergence of the leaves of the electroscope will noticeably dimmish as 
It approaches it, and return to their onginal position when it is taken away 
Although the conductor connected with the electroscope appears to be less 
highly charged while the earthed conductor is near it, what happens is not 
due to the fact that the first has permanently lost any charge All that has 
happened is that the distribution of the charge between* the conductor and 
the electroscope connected with it is temporarily changed 
When the same source of heat is apphed to two different bodies for the 
same tvme, le when two bodies receive an equal "amount” of heat, the 
temperature the^ reach is determined by their thermal capaciucs So by 
aoaXo^ wwh what happens in our Vast experiment, this is described by say mg 

that the " capacity” of the conductor has been increased The heating effect of 

two bodies brought to the same temperature (c g by immersion in water 
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kept at the boiling point) depends on their thermal capacities We may 
therefore press the analogy further by asking whether there is any difference 
between the electrical effects (attraction or spark) exhibited by conductors 
of different capaciues charged up to the limit from one and the same source, 
e g by repeatedly coimectmg them with the charged plate of an electrophorus 
A Leyden jar (Fig 313) or any other “condenser” is simply an arrange- 
ment m which a conductmg surface is separated by msulatmg material 
from another conductmg surface which can be earthed The variable air 
condenser of radio equipment consists of two sets of parallel metal vanes 
separated by air One set may be earthed and the other can be connected 
with a source of electnc charge The Leyden jar is just a bottle covered up 



El 


Fig 312 

The fact that the attractive (or repulsive) power of a charged conductor is diminished 
by the presence of a neighbouring earthed conductor is shown by the fact that the 
gold leaves diverge less when the uncharged metal cup is brought near the charged 
metal sphere connected with the electroscope 

to the neck on the inside and outside with tinfoil The outer coat is earth 
connected The inner coat is connected with a* metal rod held m the neck 
The metal rod usually has a knob at its free end, and this can be charged by 
repeated appbcation of the metal collector of the electrophorus or any other 
“electrical machme ” 

To generate large frictional charges, various types of machines had been 
designed on the same Imes as that of von Guencke by his successors If 
we go on rubbmg two bodies (e g a rod of glass and a piece of silk) beyond 
a cenam pomt no mcrease of electnficauon takes place That is to say, the 
attractive power is not mcreased A crackling sound is heard indjcatwg that 
further increase is checked by sparking^ which allows electric charges to 
escape The problem of genera Dng powerful electrification is therefore to 
let one of the bodies discharge into a conductor of high capacity ^ and to Jet 
the other discharge to earth at the same tunc How this is done m frictional 
machines which evolved from that of von Guencke is illustrated by a type 
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like Winter's, which can be made with a gramophone record (Fig 314). The 
collector of high capacity is a metal knob (A) connected with a pair of metallic 
combs, the points of w^ch nearly touch the vulcanite (or glass disc) When 
the latter is charged to the limit sparking occurs between the disc and pomts, 
and the collector becomes charged The disc rotates against a pad of silk or 
flannel, which is rubbed with an amalgam (hquid alloy) of mercury and zmc 
or tm This chugs to the pad, which is earned, and carries off the charge to 
earth 

When the collector is fully charged bright sparks can be obtained when 
the finger or any earthed conduaor is brought up to it, and the sparkmg 
continues at regular mtervals as long as the machme rotates. If the knob (B) 



Fig 313— Section of a Leyden Jar Showing the Two Metal Coats 

of the earthed conductor is brought very near to that of the collector small 
sparks follow m rapid succession If it is withdrawn to a greater distance the 
sparks occur at much greater mtervals, but they are more bright and more 
noisy Since greater brightness of the spark may be regarded as a sign of more 
mtense electnfication, this means that more mtense electrification is required 
to break down the insulating power of a long column than to break down 
that of a small column of air in the spark gap, and that it takes an appreaable 
time to reach the mtensity at which sparking occurs Thus if the gap were 
closed by a metal wire the intensity produced would be neghgible and 
electrification would be dissipated as quickly as it was produced. If the width 
of the spark gap is kept the same, and the connector is connected by a wire 
with the knob of a Leyden jar whose outer coat is earthed, sparks occur at 
longer mtervals and are much bnghter and louder than before, Also powerful 
shocks are obtamed by touching the collector If, when there is no conductor 
near the collector to permit sparkmg, the wire connecting it to the Leyden 
jar IS disengaged with a glass rod or other insulator, a powerful shock can 
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Still be obtained by touching the knob of the latter Hence the condenser 
acts as a store of electrification^ just as water added to a kettle at the same 
temperature as itself acts as a store of heat 
Thus every specific feature of a thunderstorm could now be mutated m 
the laboratory The rapid progress which ensued after the discovery of the 
Leyden jar was fostered by the fact that it provided a new mstrument of 
chemical research at a nme when chemical industry was emergmg and 



Fig 314 

A simple frictional machme, which can be made out of Meccano parts and a gramo- 
phone record The pad may be flannel on which an amalgam of mercury and zmc is 
rubbed to conduct away the charge acquired by rubbing against the vulcanite disc 
by an earthed conductor When the charge on the disc reaches a certam mtensity 
sparking occurs across the metal comb charging up the conductor A which is mounted 
on an msulatmg stand If B is earthed sparks will occur if the gap AB is small enough 
The size of the sparks and the mterval between them are mcreased by inserting die 
two coats of a Leyden jar across the spark gap 


chemical discovery was progressing rapidly. Pnestley demonstrated to a 
group of his friends the explosion of a mixture of hydrogen and oxygen with 
a spark from a frictional machine m 1776. FoUowmg this clue, m 1781 
Cavendish estabhshed the composition of water by showmg that an electnc 
spark mtroduced by wires mto a closed vessel contanung a mixture of *‘one 
measure of oxygen .with two measures of inflammable air” (hydrogen) 
produces pure water with no residue Four years later the great French 
chemist BerthoUet showed that repeated sparkmg resolves ammonia mto 
Its constituent elements, hydrogen and mtrogen 


648 Science for the Citizen 

The ideology of the enq^clopaedists also created a favourable atmosphere 
for further enquiry The novelty of the shock excited the attention of the 
physiologist, chiefly perhaps because it raised m a new form a question 
which had been debated by the French materiahst La Mettne In everyday 
life we speak as if death were a quite abrupt change which involves the 
whole orgamsm Durmg the first half of the eighteenth century La Mettrie 
pointed out m U Homme Machine that this is not mvariably true A decapi- 
tated fowl which is legally dead may contmue to run about for a short while 
Clearly the lawyer’s definition of the quick and the dead might profit by 
further elaboration Smce any of the detached muscles of a freshly decapi- 
tated frog can be made to contract over a penod of many hours by apphca- 
tion of electric shocks, experiments with electncal machines showed that 
death occurs piecemeal, as La Mettne had argued 


THE ELECTRIC BATTERY 

In the course of experiments on frogs, Galvam, an Italian biologist, made 
a fortmtous observation which had vast and unforeseeable results Galvam 
showed that the muscles of the leg of a freshly “kflled” frog will contract if 
touched simultaneously with two different metals, e g a piece of zmc and a 
piece of copper There is no need to traverse the course of subsequent 
investigations which qmckly led up to the discovery of the cell or battery 
It IS enough to say that the same result is obtamed if we touch a nerve or 
muscle with the free ends of two wires of the same metal, when their opposite 
ends are connected to two different metals immersed m a watery solution 
of salt (like the fluid which bathes the body assues) or other "electrolyte” 
{fpide p 467) Such an arrangement is called a cell To get powerful and 
reliable effects it is better to use several cells connected "m senes,” that is to 
say, havmg an "electrode” of one metal m one cell connected with the 
electrode of the other metal m the next cell The mvention of such an arrange- 
ment of cells called a "battery” was made by Volta, also an Itahan scientist, 
m the closmg years of the eighteenth century Volta’s battery or “pile” 
consisted of circular discs of copper, zmc, and cloth pads soaked m dilute 
sulphunc acid, arranged m the order copper, acid, zmc, copper, acid, zmc, 
copper, aad, zmc, etc With many such plates powerful sparks and shocks 
could be obtamed when wires from the end plates of copper and zmc were 
brought together 

With Volta’s pile, or any other battery m which different elements (zmc 
and copper, zmc and carbon, etc ) are bathed m a solution of electrolytes, 
a group of new phenomena were encountered. The same word electncal 
was apphed to them, partly because the spark and the shock were now 
identified with its use, and also because the sparks and shocks obtamed 
with the battery are only produced by connectmg the termmals with con- 
ductors such as metal wire As a matter of fact, many years elapsed before it 
was possible to prove that all the phenomena produced by an electncal 
machmc can be obtamed with a battery, or, conversely, that all the phenomena 
which are charactenstic of a battery can be demonstrated with an electncal 
machme 
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The first of the new phenomena was the discovery that bubbles of gas 
are produced when the free ends of wires connected with the termmals of 
a Volta pile are immersed m water In 1800 two Bntish chemists, Nicholson 
and Carlisle, accomplished the decomposition of water mto its elements by 
means of the electnc “current,” a demonstration soon followed by Davy's 
discovery of the light metals. Till then the study of electrical phenomena had 
produced no results of great social importance. Henceforth it participated 
in the new impetus which theoretical chemistry received from the growth of 
new chemical mdustries 

The production of sparks and shocks by frictional machmes had been 
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Diagram showing the principal phenomena of “current electriaty 


abrupt and discontinuous The chemical decomposition produced by a 
battery is steady, and this is also true of another effect Heat is produced 
by a frictional machme when the msulating power of the air is momentarily 
broken down and a sparkmg discharge occurs If the termmals of a battery 
are connected a steady production of heat is mamtamed m the wire For the 
mamtenance of this contmuous output of heat and chemical change the 
word "^current electrxaty^^ m contradistmction to ^JncUonal electricity came 
mto use The significance of the metaphor will be exanuned m detail 
later on 

The second charactenstic of current electnaty, like the first, led almost 
immediately to important chemical novelties About three years after the dis- 
covery of the hght metals m 1810, Davy observed that a spark from a powerful 
battery (upwards of two hundred cells) could be mamtamed between twn 
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sucks of charcoal When the carbon rods are brought close together, the 
spark causes minute white-hot parncles to fly across the gap creatmg a 
conducting medium Once this is estabhshed the rods can be drawn 
apart as far as four mches \\hile still mamtammg a bnlhantiy luminous and 
contmuous spark With this first arc lamp, such as is still used in magic 
lanterns, Davy hghted his lecture room at the Royal Institution In the wom- 







FlG 316 

The deflection of a magnetic needle when a current flows below it or above it through 
a wire placed along the magneuc meridian The North Pole is shaded 


out crater at the ends of the carbon rods, he was able to melt platmum, 
quartz, sapphire, lime, and other substances which had hitherto defied the 
power of heat He also succeeded in bummg diamonds This led to the 
discovery that diamond is elementary carbon 
Ten years later a third group of phenomena of immense importance were 
discovered on the contment by Oersted and Ampere Oersted found that a 
magnetic needle suspended m the neighbourhood of a wire connected with 
the termmals of a battery is deflected out of its normal onentation along the 
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magnetic mendian Thus a wire conveymg a current has magneuc properties 
This observation was followed by the discovery that a piece of iron round 
which a coil of wire is woxmd behaves as a magnet while the wire is con- 
nected at its ends with the terminals of a battery Thus a magnet can be made 
and destroyed by simply turning a switch (Fig 317) which completes or 
breaks the circiut of conducting material A piece of iron mounted on a 
sprmg which allows it to move towards another piece when the latter is 
magnetized by an electric current can itself be made into a switch so that 
every time it moves contact is broken and attraction ceases When attraction 
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Fig 317 

A simple lever switch (below) for lurmng a current on and off, and a reversing switch 
which also changes the direction of a current Insulating material shaded 


ceases it sprmgs back, remakmg contaa, and so buzzes to and fro This is 
the pnnaple of the electric bell or buzzer (Fig 319) 


FOUNDATIONS OF ELECTRICAL INDUSTRY 

These empirical discovenes relating to the phenomena of current elec- 
tnaty lend themselves readily to the mvention of a vanety of devices Like 
the earhest steam engmes, such inventions did not m themselves require 
an elaborate basis of theoretical knowledge Theory emerged from the needs 
of practice. Chemical materials of guaranteed purity and economy of output 
demanded a theoretical basis, when chemical manufacture began to extend 
So It was with electricity Once such mventions' had become articles of 
economic importance, how to produce a guaranteed product and how to 
achieve economical design, each raised a hnst nf 
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the social context of expanding manufacture — especially m Amenca — manu- 
facturers were more disposed to acquire patent nghts and exploit mventions, 
which now multiplied with astomshmg rapidity The chemical effect was soon 
adapted for commercial purposes m electroplatmg, which consists of decom- 
posing the salt of one metal so that particles of metal are deposited on another 
piece of metal conneaed with one of the poles of a battery, just as bubbles of 
hydrogen collect at one “pole” when water is decomposed As early as 1845 
Wright’s arc lamp was used to hght the streets of Baltimore Swan and 
Edison mdependently made the carbon filament lamp about the year 1879 
In contemporary life electnc weldmg, electric cookmg, and the electric 
furnace used m metallurgy, as well as hghtmg, are apphcations of the heatmg 
effect of the current The deflection of the compass needle by another magnet 
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Fig 318 

A sunple commutatoi or reversing switch worked by a handle Insulating material 
shaded As drawn no current flows m the circuit A slight clockwise turn connects 
B to C, making C negative, and A to D, making D posiuve A slight anu- clockwise 
turn connects B to D, making D negauve, and A to C, making C posiuve 


had been suggested as a means of signalling m the seventeen^ century 
While only permanent magnets were available magnetic signallmg remained, 
hke so many of the known electrical and magneuc phenomena of the age, a 
“marvel of science” or more briefly a toy The possibility of makmg or destroy- 
ing magneuc attracuon by switchmg on or switchmg off a current now made 
It a pracucable device for transinittmg messages over long distances 
The discoveries of Oersted and Ampere were immediately apphed to this 
end Ronald devised a telegraph in 1823, and another was made by Cooke 
and Wheatstone about the same time. The telegraph was taken up by the 
railways from the start Crowther tells us 

“its pracucal value was first demonstrated through its assistance in detainmg 
a murderer who was escaping by tram to London It happened that the tele- 
paph had been set up as a demonstrauon umt at the stauon where the murderer 
oarded Ae tram A description was wired to London, and he was arrested as 
he got off the tram,’^ 



The South Pointing Instrument 653 

The discovery of electromagnetism happened when Western avihzation 
was undergomg a new revolution m transport In the ensumg decades tfte 
telegraph became essential to the great railway systems throughout the 
Umted States, and its improvement offered ample scope for mventive 
mgenmty. Crowther says that when Edison was employed as a telegraphist 
on the railways m his youth, night operators were required to send hourly 
signals to show that they were awake For his personal convemence Edison 
devised a clock which made time signals automatically Edison’s later m- 
ventions sponsored the far-flung trustification of Amencan mdustry The 
telegraph became “the httle mother of the Great Trust,” and played a 
decisive role m the triumph of the industnal North during the Civil War 
The first cable from Britain to the continent was laid in 1851, and by 1865 



Fig 319 — Principle of the Morse Sounder and Electric Bell 

The current can only flow round the circuit when the switch is pressed if the screw A 
touches the spring which carries the piece of soft iron B B is attracted to the iron core 
of the coil when current flows, forcing down the spring, and so breaking the contact 
at A The core then ceases to be a magnet B springs back and contact is made once 
more This goes on as long as the switch is pressed 


cable transmission to America was successfully completed after several 
attempts begmnmg in 1857 The earhest telegraphs transmitted signals by 
deflection of a magnetic needle right or left by reversal of the direction of the 
current (Fig 321) with a reversmg switch or commutator (Fig 317) Later 
the Morse system of signaUing by long or short taps with a Morse receiver 
(Fig 319) replaced them Electric motors of the type (see p 353) first 
designed on the same pnnciple as the bell and the magnetic crane for lifting 
steel are further examples of the magnetic phenomena of the current m 
daily use 

The extensive apphcation of these mventions was lumted at first by the 
faa that current electnaty produced by chemical decomposition m the 
voltaic cell is costly Until other means of obtammg it were discovered, the 
use of electricity was therefore restncted to specific purposes for which 
there were no simple alternatives In Bntam, where the mdustnal capitahsm 
of the nmeteenth century rested on heat as a form of power, heat has con- 
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tinued to be the main agent of chemical manufacture and of power produc- 
tion Only during the last fifty years has there been a vastly more efficient 
subsnture for an economy based on heat Its extensive exploitanon is confined 
to countries where vested mterests m the pre-existmg technology are less 
powerful than they are m Bntam. We shall come to that m a later 
chapter 

FRICTIONAL AND CURRENT ELECTRICITY 

It Will help US to understand some of the phenomena which we shall meet 
later, if we now pause to discuss a question raised earlier. Two of the three 
characteristic phenomena exhibited by frictional machmes — the production 
of sparks and the power to evoke muscular contraction — have been seen to 



be characteristic of the battery An additional similarity is that electrical 
power from either source can be conveyed by the same classes of substances — 
metals and mmeral solutions The most characteristic feature of electrifica- 
tion produced by friction is attractive power, and the two most charactensuc 
phenomena of the battery are chemical decomposition and the producnon 
of a magnetic field If the wue from either of the terminals marked on a 
battery with the sign + or — is brought near a suspended pith ball or small 
fragments of paper no evidence of attraction will be nouced If wires from 
the collector and the unearthed pad of a fnctional machme arc dipped m a 
solution no bubbles are generally noticed, and if the wires are joined there is 
no noticeable deflection of a compass needle m the neighbourhood We are 
therefore tempted to conclude that the resemblance between frictional and 
current electricity is merely superficial and does not justify the use of the 
same word for both 

If we pursue the analogy of flow which proved suggestive m directmg 
earher enquiries into thermal equihbnum, there is one circumstance that 
helps us to see how a difference might arise between the way m which 



The South Pointing Instrument 655 

electncity is produced When a conductor like brass is held in the hand, 
rubbing evokes no display of electrification If it is msulated by a glass 
handle, it can be electrified by rubbing just as the insulator itself can Meta- 
phorically we describe this by saying that when there is no insulator to 
obstruct its flow electnficanon is conveyed away as quickly as it is produced, 
and when the flow is prevented it accumulates till it reaches a high level 
of mtensity Experiment shows that when a charged body is touched with 
an earthed conductor the attraction disappears m the twinklmg of an eye 
The flow of electncity — to contmue the metaphor— is only momentary like 
the spark Assummg for the moment that both phenomena are essentially the 
same, we may therefore draw two provisional conclusions One is that m the 
frictional machine the flow of electricity in the spark discharge is of very 
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Fig 321 —Telegraph Circuit 

A needle telegraph circuit consists of two magnetic needles mounted on a vemcal 
dial, with electromagnets on either side, two reversing switches, and battenes Since 
the current goes through both dials, the operator sees the signal be is transmitting 
In 1837 It was discovered that we can dispense with one line if metal plates are suidc 
deep in the earth which then acts as a sufficiently good conductor 


short duration The other is that if the pad and the collector are joined by a 
wire electrification does not amount to a high intensity So the flow' is very 
shght 

If we make these assumptions two conclusions follow An ordmary compass 
needle is heavy On account of its mertia it needs time m which to move 
appreaably If the production of a magnetic field is contingent on the dis- 
charge of electncity, the flow must therefore contmue for an appreciable 
time to exert any visible effect Then again chemical decomposition involves 
action for some time before it reaches measurable dimensions Hence we 
should not expea the momentary discharges obtained by conneaing the earth 
pole and collector of a frictional machine to produce very stnking effects On 
the other hand, the current which flows through a wire connecting the pad 
to the coUeaor, when the former is disconnected from earth, may not be 
sufficiently large to achieve any result unless very sensmve instruments are 
used It IS quite easy to show both chemical and magneuc effects due to 
bodies electrified by friction, if we pay attention to these considerauons 
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A very sensitive indicator of chemical decomposition by the electric current 
13 a stnp of paper soaked m a solution of potassium iodide and starch paste 
Potassium iodide is broken down by an elcctnc current m much the same way 
as sodium chlonde (p 470) is broken down m the Castner process. lodme is 
liberated as is chlormc m the latter. Starch turns deep blue m the presence 
of lodmcj and it is sensitive to extremely mmute traces If the ends of two 
pieces of wire connected with the collector and pad of a fnctional machmc 
are applied to a piece of blotting paper soaked m iodide and starch paste^ a 
blue region is formed roimd the end of the wire connected with the positively 
charged conductor The same result occurs when the ends of the wires are 
connected with the two electrodes of a voltaic cell The blue colour appears 
round the end of the wire attached to the copper plate For that and other 
reasons the copper plate is called the positive and the zme plate the negative 
electrode of the cell 

It IS easy to show xht magnetic effect of fnctional electrification with 
modem apparatus Just as a magnetic needle suspended m a coil of wire is 
deflected when current flows^ a coil free to move between the poles of a 
magnet is also deflected when a current flows Such an arrangement can 
be used for detecting a current, and is called a galvanometer Galvanometers 
can be made with high or low mertia That is to say, the time taken for a 
deflection to reach its limit may be several seconds or a mmute fraction 
of a second If we connect one pole of a galvanometer (Fig 350) of very 
“high frequency” (1 e low mertia) to earth and the other to one termmal of 
a condenser of high capacity, a noticeable deflection is obtamed when a 
vulcamte fountam pen rubbed agamst the sleeve is apphed to the other 
terminal of the condenser The direction of the swmg of a galvanometer 
connected to a battery depends on which termmal is connected to the positive 
and which to the negative electrode It is easy to show that a positively 
charged rod apphed to the termmal of the condenser m the arrangement 
)ust described produces a swmg m the opposite direction to the swmg 
produced by a negatively charged rod, if the same connections are used, and 
in either case the result obtamed is reversed when the termmals are mter- 
changed In this way we can confirm the conclusion that the zme electrode of 
the voltaic cell is the negative and the copper electrode the positive one This 
is confirmed by the fact that the + terminal of a battery connected to a 
sensitive positively charged gold-leaf electroscope makes the leaves diverge 
more 

We can therefore sum up ±c observed difference between the effects of 
fnctional and current electnaty by saymg that the former exhibits very 
powerful momentary (spark or shock) effects or effects (attraction) which do 
not entail the loss of electrification, while the latter exhibit relatively weak 
momentary effects or attractions On the other hand, fnctional electrification 
usually results m very weak effects (magnetic or chemical) which depend on 
the mamtenance of the continuous flow which accompames chemical (1 e. 
voltaic) electrification That there is no mcompatibihty in their essential 
identity is easily seen, if we remember what we have learned from the study of 
heat Every physical change has two measurable aspects, one which may be 
desenbed as the mtensity factor or potential, the other the capacity factor. 
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A very small change is possible when either of these is large provided the 
other IS very small A drop of boiling mercury let fall m a bath of cold water 
expenences an immense change of thermal potential (temperature) The 
momentary flow of beat is large, but averaged out over a measurable interval 
of time It represents a small quantity A cistern of water at 20° C emptying 
rapidly into a half-filled bath at 19° C till it is full represents a very small 
change of thermal potential, but a steady flow of heat over a long penod, and 
the change m potential which occurs per umt quantity of matter is actually 
greater 

An analogous distinction which applies to electnfication by friction is 



Fig 322 — ^Faraday’s Experi2vient to Show that the Induced and Inducing 
Charges are Equal and Opposite 

If a charge is induced in the conductor C by the electrified disc A, the leaves of the 
electroscope remain equally divergent after discharging A by contact with C so that C 
absorbs all the charge on A 


illustrated by a demonstration first earned out by Faraday and called his 
“ice pail experiment To detect electnfication an electroscope is connected 
with a hollow metal conductor (C) mounted on an msulatmg stand and 
provided with an aperture at the top through which a small metal disc (A) 
with an msulatmg Wdle can be mserted To start with, the electroscope is 
uncharged, and the metal disc A is charged like that of an electrophorus 
The experiment may then be carried out as follows 

(i) The disc A is held above and close to the electroscope, the leaves of which 
diverge widely, and collapse when it is withdrawn 

(u) It IS held carefully mside the conductor C without bemg allowed to 
touch It An opposite charge is induced on the msidc of C and the leaves of 
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the electroscope diverge this time not so mdely as in (1) They collapse when A 
IS withdrawn, since C is not earthed 

(ui) It is again tested by itself, producing more divergence of the leaves 
of the electroscope than when held inside C The leaves diverge as widely as 
in (1) 

(iv) It 18 placed again inside C The leaves of the electroscope diverge as 
before (see u), and they remain in the same position if A touches the surface 
of C and when A is withdrawn after touchmg it 

(v) The leaves collapse when the wire connexion is removed and the electro- 
scope earthed If A is agam held over the electroscope and if the surface of A 
IS small compared with that of C it produces no deflection, i e it is discharged 

Takmg into account the last fact we may say that C becomes as highly 
electrified as A was before the latter touched it Nevertheless, the power of A 
to make the leaves of the electroscope diverge when transferred from C 
through contact or induction is less than the power of A to do so by itself 
Regarded as a source of electrification A parts with all it has to C, without 
confemng on C as much power to produce divergence. This is usually 
described by saymg that after absorbmg the charge of A, C has the same 
charge or quantity of electnaty but is not raised to the same electrical 
potential A close analogy drawn from the flow of water imder gravity is 
illustrated m Fig 323 In a vessel filled with water the height of the fluid 
determines its potential y or power to raise the fluid in another vessel, and the 
sectional area determmes to what height, 1 e potenaal, the fluid content of 
the vessel can be raised when a given quantity of water flows mto it from a 
tap The bulk or quantity of water determmes the potential if the secuonal 
area is fixed 

So m electnficanon we can distmguish between (a) tltQXnceX potential which 
determmes the direction and redistnbution of electrification, {h) quantity of 
electnaty or charge which depends on the source (e g how long we have 
turned the handle of a frictional machine or how hard we have rubbed a 
glass rod), and (c) electneal capacity which determmes how long a source of 
electrification must be supplied before the potential reaches a particular limit 
shown by the longer mterval between sparkmg when the two termmals of a 
Leyden jar or other condenser are connected to those of a fricnonal machme 
The analogy can be pushed farther A very high pressure head of water will 
open a spring valve, discharging the contents So also a hmitmg potential is 
reached when further chargmg results m the breakdown of insulation and an 
electrical discharge 

Thus frictional electnaty is generally associated with high “potential ” 
It can therefore produce mtense momentary effeas just as a drop of boihng 
mercury can bum the skm badly though the heating effect on the body as 
a whole is neghgible On the other hand, battery electnaty is not associated 
with very high potenaal though its steady character may mvolve the decom- 
posiaon of a large quantity of matter In seekmg for a suitable way of 
measurmg eleancal output and electrical efficiency, we have first of all there- 
fore to find some way of comparmg the mtensity level or potenaal which is 
characteristic of the generator If the generator is a battery this is sometimes 
called its electromotive force (E M F ) We have also to find some way of 
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measuring the other aspect of electrical change corresponding to thermal 
capacity As long as we stick to one kind of matter> thermal capacity is defined 
in terms of the amount of matter (mass) involved in a thermal change Simi- 
larly, we may take as a criterion of electrical changes the amount of matter 
decomposed The amount of matter of a particular kind decomposed m 




Fig 323 — Fluid Analogy of Electrical Potential, Electrical Capacity and 
Charge Acquired by Friction 

Above — The positive difference of potential p between the small vessel A and the large 
vessel B means that A has the power to raise water in B when the connecting tap is 
turned on The difference of potential between the two large vessels B and C is zero, 
and there will be no flow 

Below — ^The potential difference P between A or C and B is the same, but the large 
quanuty of water m C can make B overflow whereas the small quantity m A cannot 
do so 


unit tune corresponds to what is called current. The umts of potential 
and current are the volt and the ampere. By mternational agreement the 
volt IS chosen so that the E M F of the Weston Standard Cell at 20^" C is 
1 0183 volts By mternational agreement the ampere is so chosen that 
0 001118 gram of silver is hberated m one second from a solution of silver 
nitrate, when a steady current of 1 ampere passes across the ends of two 
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metal plates dipped m it In the next chapter we shall see how the voltage 
of a generator, or the amperage of a circuit m which a current is flowing are 
measured and why it is useful to do so. 


MEASUREMENT OF ATTRACTIONS 

The costing of electrical power depends on two ways of measuring it, one 
by Its chemical action, the other by its magneuc effects In the next two 
•chapters we shall only use the chemical method, because it relies on relatively 
simple mathematics On the other hand, the magnetic effects are generally less 
laborious to record So there are advantages in using either system of measure- 
ment The chemical system is suggested by analogies which arose naturally 
out of the pre-existmg social context of power production The magnetic system 
IS based on the earher mechames of Newton’s period Although we shall not 
use it in this book to solve any practical problems, a brief account of the 
fundamental law of attracuon in magnetism and electricity may help to clear 
up difficulties which the reader may meet in elementary textbooks on the 
subject It will also illustrate an important feature of scientific discovery If 
It proves difficult, tlie reader need not be discouraged The rest of this book 
does not depend on it 

Fruitful generalizations m science are sometimes the result of piecing together 
several more restricted rules suggested by direct experiment Newton’s umversal 
gravitation is a rule of this kmd Experiments on fallmg bodies, on the inclined 
plane, on the pendulum, and on projectiles, suggested a sequence of simple 
rules which approximately describe the circumstances of relatively slow 
terrestrial movements when there is little friction They are also able to yield 
results of very high precision when motion occurs m a vacuum without sohd 
contacts Newton’s hypothesis combmed them m a more general rule vffiich 
describes the motions of celestial bodies m empty space The wave theory of 
light gave us an example of another way of discovermg laws of nature by 
testing a “hunch” suggested by analogy Scientific laws discovered m this way 
are liable to mystify us, because books on science do not always explain how 
the discoverer gets his “hunch ” This is particularly true about the law of 
attractions m magnetism and frictional electricity The design of experiments 
first made to test its truth would never occur to anyone, unless he already had 
a strong disposition to beheve it Confidence of this kmd is a common feature 
of successful experimentation It is not explamed by callmg it mspiration, 
gemus, or mtmtion On closer exammation it is usually seen to be rooted in 
the social experience and tradition of the scientific worker, the groove m which 
his mtellectual mterests run, and the apparatu^of symbols which he has been 
tramed to use 

The first stage of speculation on the motions of the planets took place when 
the study of magnetism was beginnmg, and the analogy of the earth’s terrestrial 
magnetism to the central attraction which keeps the planets movmg m curved 
orbits was raised in the earliest discussions of gravitation by Kepler and his 
contemporaries The analogy is not complete, because the pull of terrestrial 
gravitation apphes equally to iron and to non-magnetic substances So mag- 
netism IS not responsible for the motion of the heavenly bodies Newton’s 
theory attributed the attraction between the planets and the sun to the influence 
which any piece of matter has on another This is m direct proportion to its 
mass when the distances are eqiuvalent Otherwise the effect dimmishes m 
proportion to the square of the distance Put m S5rmbolic form, with the symbols 
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m for one mass, M for the other, D for the distance, and F for the attractive 
force between their centres it is. 


F 


oc- 


mM 


or, if G IS a constant for all circumstances of gravitational pull 


F = 


mM * 


In Newton’s theory the force exerted on 1 umt of mass by a body of mass M is 


G 


M 


This IS called the strength of the gravitational field at any pomt on the surface 
of a sphere of radius D about the centre of M Newton’s followers, who 
devoted themselves to elaborating the theory of gravitation, mtroduced a 
number of such measures for mapping out the mtensity of a gravitational 
field 

So when the study of attractions took a new turn at the end of the eighteenth 
century, scientific workers were accustomed to think of attractions m terms 
of the mversc square law, and mathcmatiaans had elaborated a variety of 
ways m which a law of this type can be tested Though it may not be the first 
rule which we ourselves would test, it was the first one which they would 
try out This bemg so, the apparently devious route by which the truth of the 
law IS estabhshed as a basis for measurmg magnetic phenomena was not such 
a miraculous process of guesswork as a formal statement of the reasomng 
mvolved would tempt us to beheve. Calculatmg devices, such as ‘‘surface 
density,” “potenual,” and “field strength,” were mtroduced mto the study 
of frictional charges and magneac attractions by analogy with correspondmg 
ones m the mathematical elaboration of Newton’s theory All that remamci 
was to adapt one or another aspect of the theory to the limitations of experi- 
ment The chief limitaDon imposed on experiment by the nature of magnetic 
phenomena is that two opposite kmds of attraction are mseparable 

In magnetic as m gravitational attractions crude experiments show that 
we have to deal with two different aspeas of force For mstance, one and the 
same magnet placed at right angles to the magnetic meridian deflects the same 
compass needle more when it is moved nearer to it, and less when it is moved 
further away This shows that the attracuon depends on distance. On the 
other hand, different magnets of the same size placed m the same positions 
may produce very different deflections At the same distance apart some 
magnets are stronger than others, just as large masses have more attractive 
power than small ones We may express this by saymg that the magnetic power 
of one magnet is greater than that of another 

The next thmg is to decide how to measure this magnetic power If magnetic 
attractions were of one kmd only we should be tempted to test out a law of 


* Smee F IS 981 dynes per gram at the earth’s surface (see p 268), and the distance 
of the latter from the earth’s centre is 6 35 x 10® cm , and from experiments like that 
shown diagrammatically m Fig 189 the mass of the earth is foimd to be 6 94 x 10*^ 
grams, the value of G in the mtemanonal system of grams and centimetres is 

(6 36)“ X 10^® X 981 
5 94 X 10*’ 


6 66 X 10“» 
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force m which ma and mt would stand for the magnetic power (called their 
pole strengths) of two poles in the formula 


F 


- K 


mafnt 

D* 


If we define poje strength by saying that the repulsive force of a pole of pole 
strength on one of pole strength is dynes when they arc 1 cm 

apart, the constant K analogous to G must be unity, so we can rewrite the 
formula 


D fnatnt, 

The field strength of a pole m on a pole of unit strength will then be m — D® 
To carry the analogy further we have to take account of another fact 
Except in so far as direction is concerned, a magnetized bar of iron has the 
same pullmg power at both ends For instance, the weight of unmagnetized 
iron which each end can just hold against gravity does not sensibly differ if 
the shape and material is fixed The angular deflection produced by a bar 
magnet placed at right angles to the meridian m either of the arrangements 
relative to the compass shown in Fig 327 is numerically the same, though 
opposite m direction, when north and south poles are reversed The pulling 
power of the two poles is therefore equal m quantity and opposite m direction 
Since we can represent movement in opposite directions by opposite signs, 
we must call the pole strength of the south-seekmg pole — ma if we call that 
of the north'Seekmg pole of the same magnet -f According to the gravi- 
tation analogy the force between two north poles -f ma, + m^ at 1 cm apart 
would then be + matniy the force between two south poles — ma, — mt 
at 1 cm apart would be — x — m^ = 4- and the force between a 

south pole — ma and a north pole -f or a north pole -h ma and a south 
pole — m^ at a distance of 1 cm would be — ma x f mj, = -fmaX — m^ 
^ — m^m* Hence the negauve sign mdicates a force of attraction (unlike 
poles), and the positive sign indicates a force of repulsion (like poles) 

We cannot yet go straight ahead to test the mverse square law m a form suit- 
able for measurmg magnetic phenomena by some simple method You might 
dunk that this could be done by investigating the hfting power of a bar 
magnet at different distances There arc several reasons why this would not be 
convenient Iron is heavy, and the distance at which a visible piece of iron 
can be lifted — except by very powerful magnets — is small The results ob tamed 
at different places would not be comparable, because the dippmg needle shows 
us that the earth’s own magnetism has a vertical component It is therefore 
better to set about it m another way The angular deflecuon of a compass 
needle is easy to measure accurately, and its behaviour is therefore chosen to 
test the truth of the rule 

When a very small magnet such as a compass needle is free to rotate in a 
magnetic field equal and opposite forces act on its two poles A pair of equal, 
parallel, and opposite forces pullmg on either side of a fulcrum makes a lever 
rotate, unless it is balanced by a similar pair In mechames such pairs are 
called couples The product formed by multiplymg one of the equal and 
opposite forces with the perpendicular distance between them is called the 
moment of the couple, and two couples balance when their moments are equal 
and onoosite (Fie 324) If a compass needle is placed in the earth’s field (Fig 
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326)3 a couple acts on the two poles except when it lies along the meridian When 
It does SO 3 the couple is zerOi and the needle can only be at rest when this is so 
Fig 325 shows that if the horizontal component of the earth’s field is H, and 
the pole strength and length of the magnet between the poles are m and 2L 
respectively, then the moment acting on the magnet when it is deflected through 
an angle a is 2mLH sm a 

In practice the position of the poles is rather mdefinite, so that it is impossible 
to determme m or 2L exactly The product 2wL or magnetic moment (M) of 
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The law of the lever is that (a) a pair of weights pulling in the same direction on 
opposite sides of the fulcrum, or (6) a pair of weights pulling in opposite direcuons on 
the same side ot the fulcrum, balance when the product of the weight and its dis- 
tance from the fulcrum is the same for each pair In the upper figure a weight 2 lb 
9 inches left of the fulcrum balances a weight of 3 lb 6 inches right of the fulcrum 
(2x9=18=3x6) and a weight of 3 lb 5 inches left balances a weightof 2 lb 
inches right (3 x 6 = 16 = 2 x 7i) In the lower figure 3 lb 6 inches left pulling the 
lever up balances 2 lb 7^ inches left pulling it down, and 3 lb 0 inches right pulling 
down balances 2 lb 9 mches right pulling the lever up The two 3 lb weights consti- 
tute a turning couple which would make the lever rotate clockwise it they were not 
balanced by the two 2 lb weights tending to make it rotate anu-clockwise The law 
of the balance for two couples (i e equal weights pullmg in parallel and opposite 
directions) is that they balance if their moments arc equal and opposite The moment 
of a couple is the product of either of the equal weights and tlie perpendicular distance 
between them Thus the moment of the 3 lb couple is 3 (5 -b 6^ = 33 The moment 
of the 2 lb couple is 2 (7^ + 9) = 33 In more general terms, neglecting signs, the 
principle of the lever is that if two weights m and M, on opposite sides situated at 
distances d and D from the fulcrum, balance 

md ~ MD 

If another identical pair weights M and w, suspended over pulleys, also balance at 
aistances S and s on opposite sides of the fulcrum, 

MS = ms 

md + ms — MD 4- MS 
m{d + J) = M(D + S) 


Hence 
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a magnet can however be determmcdi and may be defined as the couple that 
would act on the magnet when placed at right angles to a field of unit strength, 
so that sm a and H are both umty 

The field strength F at a given pomt is the resultant force exerted at that 
pomt, on a pole of unit strength, by the attraction and repulsion of the two 
poles of the magnet Fig 326 shows how to calculate the value of F in two 
positions In position (a) the unit pole is m line with the two poles of the 
magnet If M is the magnetic moment of the magnet and D is the distance 
between the middle of the magnet and the umt pole, the field strength at the 
latter is given by 

F - 

(D> - L»)* 

or where D is great compared with L 




Fig 325 — A Compass Needle Rotating Horizontally in the Earth’s Field 

If H is the horizontal force of the earth’s magnetism on umt pole strength, the ends 
of the needle of pole strength m and -- rn are pulled (in opposite directions) by 
torces Hm and — Hm respeaively These forces are numencally equal, and aa in 
parallel and opposite directions So they constitute a couple like a pair of weights 
referred to m Fig 324 The moment of the couple is wH(AB) = 2wLH sin a, 
where L is half the distance between the poles There will be no rotation when the 
moment of the couple is zero, 1 e when AB is zero That is to say, the balanced 
position IS along the meridian If shifted from this a couple comes mto play restoring 
the status quo 


In position (i>), where the axis is at right angles to the hne joming the centre 
of the bar magnet to the umt pole, the field strength is given by 


F = 


M 

(D2 + uy 


or where D is great compared with L 



We can compare the field due to a magnet with that due to the earth by 
placmg the magnet at right angles to the magnetic meridian and measuring 
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the deflection of a suspended magnetic needle placed in one of the two positions 
in Fig 32Q In either case we find (Fig 327) iat 

F = Htana 


In position (a) 


F = 


2M 

D* 

M 

H 


(approx ) = H tan a 

D* 

— tanfl 


In position (b) 


F =» — (approx ) ~ H tan a 
/. ~ D* tan a 

ri 


We can use either of these formulae to test the law of ipverse squares or to 
compare the magnetic moment of two magnets, if the law is taken to be correct. 
To test it we have merely to observe the angular deflections and of the 


{D+L>- 


(a) HZHEHM- 


-(D-L>- 




rmahuni = — — 
^ (D+I)^ 
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_ ¥VoU 



Fig 326 

These two diagrams show how to calculate the strength of the field exerted by a bar 
magnet on unit pole, assuming that the mverse square law is correct In position (a) 
the total force actmg on unit pole at O is 

m m 4toLD 2AflD 


(D - L)* (D 4- L)* (D** - L*)» (D“ - L*)* 

In posiuon (^) the attractive force may be represented by OP = 


(SO)** 


and the re- 


pulsive force by OQ ~ resultant force is OR, parallel to the magnet 

OR m 
OQ ^ NO 
NS OQ m NS 


Smce OQR and ONS are similar, 


OR = F - 


But (NO)* = D* + L* 


NO 


(NO)* 


M 

'3?o? 


F = 


M 


(D* + L*)j 
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I \ Uan tiip f^^<!taflce8 of the widdle of the magnet from 
needle m positlOIi (a) wkn the ‘^‘®^®°Xlnroximate formula gives 
the ptvot are D, and D, In this position the approximate rorm g 


D,’ Ui’ 

— tan ax — —K ^ 

2 d, 


Di* tan aj 
Da® tan Qx 


This conclusion is true if the law of inverse squares is true, and if the experi- 
ment shows that it is true the law of inverse squares may be used To test the 
law more severely we should use the formula m its origmal form and use other 



Fig 327 — Deflection of Compass Needle from the Magnetic Meridian in the 
Neighbourhood of a Magnet 

(fl) Magnet at right angles to the earth's field and with both poles m line with the 
centre of the needle 

{)>) Magnet at right angles to the earth’s field and with both poles equidistant from the 
centre of the needle If m and — m arc the pole strengths of the needle, F the field 
strength of the magnet, and H the horizontal component of the earth’s field, the 
couple due to the magnet is Fm BC ana the couple due to the earth is Hm AB 
in Uie opposite sense If the needle comes to rest at an angle a from the piagnetic 
meridian, the t\\o couples balance, i e FwxBC = HmxAB 

F = H ^ = H tana 

The value of F in position (a) will of course be double that m position (b) if the 
distnnces from the centre of the magnet are the same 


positions of the magnet as well. This does not affect the conduct of the experiment 
It merely makes the calculation a little more laborious Alternatively we may first 
place the magnet m the posiuon mdicated m the upper diagram of Fig. 326, 
and then m the position mdicated in the lower one, keepmg D the same The 
field strength at the pivot of the compass needle when the bar magnet is m the 
first position is twice as great as it is when in the second position. If Oj is the 
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angular deflection in the lirst and ^2 ^ the second position^ the approximate 
formulae show that 

tan ai == 2 tan 

According to the approximate formulae the relative magnetic moments 
(Ml and M,) of two magnets placed m the same position at the same distance 
from the needle which settles at an angle from the meridian for one and 
a% for the other are 

Ml _ tan a, 

M, tan 

It IS not possible by these methods alone to get an absolute measure either 
of the magnetic moment of a magnet, or of the horizontal component H of 
the earth’s field To do this we have to make use of another fact relating the 
magneuc moment to the strength of the earth’s field If a magnet is suspended 
horizontally by a thread it will come to rest m the magnetic meridian. If it 
IS now deflected from the mendian through a small angle it will turn back- 
wards and forwards over the meridian If the period of vibration is T and the 
moment of inertia of the magnet is 1 it can be shown that^ 


MH = 


477*1 

T* 


If for a given magnet MH has the value A and — (by one of the other two 

H 

methods) has the value B, then M = \/A B and H = 

A law identical with the law of gravitational or magnetic attractions also 
holds good for electrical attractions, if we substitute e representmg “charge’ 
or “quantity” of electricity for m or quantity of matter, and k for the gravitation 
constant m the Newtoman formula The field strength due to a charged body 
IS then 



ke 

7 * 


This is the force with which a umt positive charge is repelled, and the use of 
the negative sign for the negative charge mdicates that a unit positive charge 
would be attracted. If we define umt charge so that the field strength is one 
umt of force (dyne m the gram centimetre system) when the distance from the 
centre of the charged body is umty (1 e F = 1 dyne, when r = 1 cm and 
c = 1 umt of charge), and when the medium is air, k = 1 and F = e — r* 
The law is difficult to prove by a simple experiment Although we can separate 
negative and positive charges, they generally leak away That is to say, a 
charged rod placed over an electroscope will not produce as big a deflection 
after the lapse of a relatively short period of time. As with magnetism, the 
demonstrauon of the law depends on verifymg various mdirect inferences 
borrowed from mathematical elaborations of gravitation theory 


* See pp* 274 and 204, 
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An indirect test of its truth was already at hand at the time when Benjamin 
Franklm’s researches were carried out In his great treatise on the prmciples 
of motion Newton amused himself by workmg out several speculative apph- 
cations of his theory One which had no practical bearmg at the ume was the 
paradox of a hollow planet In effect, Newton asked what would happen to a 
man who fell into a hole at the bottom of a mme if the earth were an empty 
shell containing no matter below a certain depth from its surface Our first 
impulse IS to say that he would rush towards the centre of the earth and 
then come to a stop On second thoughts we recollect that his speed would 
carry him beyond it till the opposmg attraction reversed his direction, settmg 



up a to-and-fro motion Neither of these conclusions is consistent with Newton's 
theory The surpnsmg thmg about gravitauon is that the man should not 
fall, when he stepped through the hole He would have no acceleration So if 
he jumped he would sail steadily through the void at a comfortable fixed 
speed 

Newton's argument can be followed with the help of Fig 328, which shows a 
spherical shell of umform density, so that the masses M and m of any two 
small circular patches on its surface are proportional to their areas A and a 
(i e M m = A a) If the patches are small ones we can consider them to 
be flat, as we should consider the areas covered by New York and Cape Town 
to be flat We can therefore imagmc that each is the base of a cone with the 
common vertex at P, where our imagmary mmer is situated, and will remam 
stuck unless the mass of the patch of earth (A) covered by New York Cily pulls 
him harder than the patch of earth covered by Cape Town (or xnce versa) 
Both these cones have the same vertex, and the areas of the bases of cones 
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With the same vertical angle are proportional to the squares of their heights 
(R and r) Hence Mm R® * r* 


M = mR* - r* 

According to ilie theory of Newton, New York pulls the miner with a force 
GM — R^ per unit (body) weight, and Cape Town pulls the miner with a 
force Gm — r® per unit (body) weight Smce M = mR* — r* 

GM - R» = Gm - r» 

Hence the pull of the patch of earth under New York is exactly the same as 
the opposing pull of the patch of earth under Cape Town The two pulls cancel 
one another So there is no effective pull toward the centre Because this is 
equally true of any two corresponding patches, there would be no gravitational 
pull mside a hollow earth In other words, the behaviour of the imagmary 
mmer would be the same as if the earth’s shell were not made up of matter 
The important thmg about the hollow earth paradox for the theory of electrical 
attractions is that this conclusion would not be true if a different law of attract 
tions apphed. For mstance, we might suppose that matter attracts matter with 
a force mversely propomonal to the cube of the distance. The New York pull 
would then be GM — R®, which would be (GmR® — r*) — R» = Gm — Rr* 
This would be different from the Cape Town pull Gm — r® 

There was a good reason for Newton to bother himself with this imaginary 
situation. Newton wanted to test the theory that the law of gravitation apphes 
equally to particles of any size By analogous reasoning, which wc need not 
go mto, he came to the conclusion that the miner’s behaviour so long as he 
remamed on or above the surface of the hollow earth would be exactly the 
same as if the earth were sohd That is to say, he would be attracted to it by 
a pull mversely proportional to the square of the distance from the centre. You 
can therefore look on the earth as an enormous number of layers, each attractmg 
any object outside it with a force mversely proportional to the square of its 
distance from the same centre, and each exertmg no attraction on an object 
lymg mside it 

If applied to electrical attractions, the argument on which the hollow earth 
paradox is based means that when the outside is electrified, the inside of a 
hollow spherical conductor behaves as if it had no charge at all This is very 
easy to test In fact the ice pail experiment has already shown us that it is 
true If a hollow metal ball with a small aperture is mounted on an insula tmg 
stand, and charged by connectmg it with a frictional generator, it is immediately 
discharged when the outside is connected to earth It is not discharged if the 
inside is earthed So the mside behaves as if it were not electrified Smce this 
would not be true if a different law of attractions apphed, wc can conclude that 
the mverse square law is the correct one 

It IS sometimes stated that Cavendish made the first apphcation of the 
Newtoman paradox to electneal attractions The experiment had been carried 
out some years earher (1766) by Joseph Priestley. His interest m dcctriaty 
had been stimulated by the influence of Benjamm Franklm durmg a visit to 
England, when Franklm also made the acquamtance of Matthew Boulton 
Franklm, says Miss Turner m her book on the history of electncity, “suggested 
certam problems for further consideration . . Pnestley showed experimentally 
that when a hollow metal vessel is electrified there is no charge on the inner 
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It IS not at all obvious ho/v measurements of magnetism and fnctiona] 
electrification are connected with the chemical dehmtion of the electric current^ 
and the reader who wishes to pursue further study with the aid of books which 
use all three systems of umts may find the followmg hmts helpful. 

An electric current is more quickly detected by its magnetic than by its 
chemical accompamments Hence there are practiad advantages m measurmg 
the former The only disadvantage of domg so is that it mvolvcs elaborate 
mathematics The magnetic definition of a current is based on the length of 
a circular loop of wire and the magnetic field strength at its centre when a 
current flows through it To measure magnetic field strength it is necessary to 
know the magnetic moment of a magnet suspended at the centre of the loop 
and the strength of the earth’s magnetism We have seen on pp 665-668 how 
these two quanuues can be found 

The connexion between the measurement of the electric current and measure* 
ment of attractive force exerted by electrified bodies will be easier to see when 
the reader has read pages 726 and 759 We have seen that the bnghtness of the 
spark and the mtcrvil between successive sparks are mcrcascd when a condenser 
like the Leyden jar is connected with a frictional machine Connectmg the poles 
of a voltaic battery with a condenser has no effect on prolonged electrical 
changes such as chemical decomposiuon On the other hand^ a condenser can 
act as a store^ keepmg up a surge of current, when electric currents produced 
by a battery only act for a very short while m one direction Thus a condenser 
m the “primary” circuit (p 722) of a shockmg coil mcreases the brightness of 
the spark and the mterval between successive ones, as with a fnctional machme 
So the power of a condenser to “store” electrification can be measured either 
by its effect on the discharge of electrification produced by fnction or by its 
effect on currents of short duration (intermittent and alternating currents) 
produced by a dynamo or a battery with an automatic mterrupter 

To see how the storage power or “capacity” of a condenser is related to the 
measurement of mechanical attraction we must follow the gravitation analogy 
a little further Just as we measure a steady current of water by the volume 
which issues from a tap m unit time, we may measure a steady leakage of 
electrification or current from a fnctional machme by the loss of charge per 
umt time When a positively charged body loses electrification m a measurable 
mterval of time t durmg which the charge falls from ei to c*, the leakage or loss 
of charge is ei — So the loss per umt time is (ei — ^ 2 ) — f The volume of 
water which flows from a tap is the product of the current (so defined) and the 
time of flow Likewise the charge which leaks away is the product of the mean 
current and the time, i c (e^ — e^) = ct The work done when a mass m of 
fluid falls through a height h is mgh If the density is d{^ m — v)^ this is 
v(dgh), 1 e the product of the volume and the pressure difference between 
two levels separated by a height h (see p 379, Chapter VII). When a cistern 
empties the whole volume does not fall through a distance h The topmost 
laver does, and the lowest layer does not fall through any distance. The work 
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done IS equivalent to half the volume fallmg through the whole distance, or 
the vi^hole volume fallmg through half the distance, i e hvidgh). So if we com- 
pare difference of pressure level m a astern to difference of electrical potential 
(P D ), we must define potential so that the work W) done tn transferring e units 
of charge across the space between two conductors is 

W = J^(PJD.) 

To press the analogy between electrical potential and pressure head further 
we have to take accoimt of the fact that electrical attractions are of two lands 
If we measure the gravitational potential (Fig 323) between two levels hi 
and A, above the groimd, the difference of potential between the higher (/la) 
and lower (^ 1 ) level is g(ht — h^ If on the other hand the lower one is at a 
distance below the ground level the difference of potential is g(hi -f hi), 
which IS the same as g[h^ — (— hf)] Thus, if we call the potential of a body 
with reference to ground level gh, makmg the sign positive or negative according 
as we measure the height h above or below ground, the difference of potential 
between two levels h^ and hi is always g{h^ — hf). If h^ is above ground and 
hi below, work must be done on the water to raise a drop from hi to /z, and 
work will be done by the water if a drop is allowed to sink from A, to hi We 
may similarly speak of the electrical potential of a charged body with reference 
to the earth, and signify that of two posiuvely charged bodies A and B as Pa 
for the greater and Pb for the less The difference (Pa — Pb) is then positive, 
sigmfymg that work would have to be done on a positive charge to transfer 
It from B to A, and the difference (Pr Pa) = — (Pa ~ Fb) only differs 
in the negative sign to signify that work is done by a positive charge when it 
leaks from A to B. If A and B are negatively charged the difference is 
— Pa — (~ Pb) = (Pa — Pb) The neganve sign signifies that work is 
done by a positive charge when it is transferred from B to A, 1 e from the 
numerically smaller to the numerically greater negative potenual. 

We can dispense with the hydrostauc analogy if we remember that hke 
charges repel and unlike charges attract If A and B are positively charged, 
A being at the higher potenual, a umt posiuve charge will be repelled more 
strongly by A than by B There is thus a net repulsive force which has to be 
overcome m takmg posiuve charge from B to A, and the difference of 
potenual Pa — Pb is the work that has to be done m the process agamst this 
net repulsive force If the potenual of A is + Pa and that of B is — Pb, as when 
A is posiuvely and B is negatively charged, the potenual difference [Pa — (— Pb)] 
= Pa + Pb. The potenual difference is addiuve because work has to be done 
m separaUng a posiuve charge from the attracuon of B and overcoming the 
repulsion of A When we speak of potenual as opposed to potenual difference 
m connexion with the flow of water, we imply the difference of potenual 
between the level of a column and the ground level Smee posiuvely or negauvely 
electrified bodies discharge when connected to earth, the earth’s surface may 
also be taken as zero potenual of electnficauon 

The defimuon we have devised for measurmg either the potential of a body 
(with reference to earth) or the potenual difference between two bodies m 
mechamcal umts is not easy to apply We can do so mdirectly by makmg use 
of a derived quanuty. This is called capacity In usmg the fluid andogy (p. 670) 
we have compared electrical charge to the bulk of fluid, potenual difference 
to the fluid pressure, and the capacity of an electrically charged body to the 
secuonal area of a astern. The fluid pressure is proporuonal to the difference 
of level So the product of secuonal area and fluid pressure is therefore proper- 
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tional to the volume which flows out of a tank when it empues Bodies of 
different size and shape have different powers to diverge the leaves of an 
electroscope when charged for the same length of tune with a fncuonal machine, 
and we may measure this difference of “electrical capacity” by the charge 
required to produce umt mcreasc of potential, so that 

capacity x P D. = charge, 

and since 

W= ie(PD.) 

the work done in neutralizmg the charge of a conductor with capacity C is 

2C 

So defined, the electrical capacity of a conductor depends only on its size 
and shape and on the quahty of the medium separatmg it from other con- 
ductors Why this IS so, can be shown by adoptmg the method Newton used 
m discussmg the paradox of the hollow planet There are pitfalls m doing so, 
because electrical attractions involve the phenomenon of tnduetton which has 
no precise parallel m gravitational theory It is better to adopt another mechan- 
ical analogy to which Newton's generation sometimes turned when they dis- 
cussed gravitation One reason why the law of mverse squares then seemed 
to be the most likely hypothesis to explam the motions of the planets was 
suggested by the difficulty of imaginmg action at a distance without some 
physical model. A physical model which naturally occurred to men like Hooke 
was the pulhng power of a stretched spring Thus you may imagme a number 
of equally stretched pieces of elastic radiatmg m all directions from a small 
object You can then compare the “field strength” or gravitational pull on 
umt mass m the neighbourhood of a particle to the mechamcal force due to 
the number of springs which pull on umt area The area of a sphere of radius 
r with the object as centre is If there are n of these sprmgs or “hues of 
force,” the number which will pass through umt area is therefore n ~ ^Ttr^ 
If they are equally stretched, the mechamcal tension on umt area is propor- 
uonal to the number (N) which pull on it Smee N = « — 

Noc\ 

The analogy is a very powerful one when apphed to electrical and magneac 
attractions It is vividly suggested by the way m which iron fihngs arrange 
themselves near the poles of a magnet, and it can be adapted to take the 
phenomenon of mduction mto account We can define the field strength at a 
distance r from an electric charge e as the number (N) of lines of force per 
umt area, and we have just seen that this is equal to « — i7rr\ where « is the 
total number of Imes radiatmg from the ch^ge e We also found (p 667) 
that field strength is equal to ke — Hence 

n — = ke 

n == ^Trke 

By definition (p 667) k = 1 when the medium is air So we suppose that the 
- imaffinarv Imes of force radiatmg from 1 umt of charge is 
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477, when air is the medium * Thus each Ime of force starts from — umts of 

477 

positive or negative charge To accommodate the fact of mduction, each line 

of force ends m — units of opposite, 1 e negative or positive charge 
477 

The advantages of usmg the terrestrial model of a stretched sprmg ms tea d 
of the celestial model of movmg planets are great The mathematics of a spring 
which obeys Hooke’s law is much simpler than the mathematics of a gravita- 
tional field So Faraday, who did not know more mathematics than most readers 
of this book, used the stretched sprmg model By makmg each charge the focus 
of 477 hnes of force we keep the mverse square law in our umts of measure- 
ment, but get rid of it as a umt of algebraic manipulation We have no diflSculty 
m accommodating mduction, which is a new quahtative feature of electrical or 
magnetic phenomena, because each Ime of force begms and ends m opposite 
charges or poles We can visualize the relation of our algebraic mampulations 
to the physical phenomena at each step So we keep them, as it were, closer to 
reality Besides this the spring model is easily adapted to visuahze several other 
qualitauve peculiarities of electncity, which, like mducuon, have no parallel 
m gravitation For instance, we can compare a conductor to a fluid m which a 
spring can freely contract, and a “dielectric” or msulator to a sohd m which 
a sprmg remains extended, 1 e the lines of force do not move freely, so that 
currents are not set up Testmg this analogy brings to our nouce an important 
and at first surprising fact about condensers If we make a condenser with 
detachable parts like the Leyden jar shown m Fig 313, we can take it to pieces 
and connect the metal parts without dischargmg it This is expressed by saying 
that the energy of the condenser is stored m the dielectric 

Knowing this, we can easily apply our model to the problem of measurmg 
the capacity (C) of an air condenser consistmg of two equally spaced plates 
— eg the variable condensers sold for wireless sets If one plate receives a 
positive charge e, the work done m neutrahzmg it, 1 e the work done m dis- 
chargmg the condenser is 4^ (P D ) = — C (p 672) Since the energy i» 

stored m the medium all the hnes of force pass through it There are therefore 
477^ hnes of force If the area of each plate is A the number of Imes of force 
per unit area, 1 e the field strength at the end of the Imes of force, is 4776 — A 
This is the mechanical attraction upon unit charge So the total pull between 
the plates is (4776 — A)6 = 4776* — A If the distance between the plates is 
the discharge of the condenser is equivalent to annihilatmg 47 t 6 hnes of 
force of length d The work done m dischargmg the condenser is therefore 
equivalent to an average pull of 2776 * — A actmg over a distance d, through 
which the Im^ of force contracts with an initial tension of 4776 * -- A and a 
final -tension of zero The work done is therefore (2776* — A)d Hence 

6* _ 2776*d 

2C “ A 

c = — 

iird 


* An alternative convenuon often adopted is that each line of force onginates m 
one unit of charge The field strength is then defined as tfe number of lines of force 
per unit area mulupUed by 47 t, and the equations eventually reached are, of course, 
the same as ours The convention adopted above agrees with that used for magnetic 
Imes of force 
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Hence according to the mechanical delinition of electrical charge, potential 
and capacity, the capacity of an air condenser is known if we also know the 
area of the plates and their distance apart If the distance and area are given 
m centimetres and square centimetres, the capacity can be calculated m the 
international system of units Starting from this we can also measure the 
charge applied and the potential difference between the plates When a con- 
denser is discharged, there is usually a spark, and, m any case, heat is produced 
This heat can be measured and converted by Joule’s equivalent (p 605) mto 
v)ork units The energy (W) stored m the condenser is therefore known, and 
IS given by 

^ " A 

That IS to say, we can calculate the charge apphed if we know the heat pro- 
duced, the area of the plates and their distance apart Similarly, W — (P D ) 

W" = ie^ (P D y 


and smee e* = AW — ^rrdy 


1 hat is to say, we can calculate the potential, if we know the heat of discharge, 
the area of the plates and their distance apart 

This IS an instructive example of arguing by analogy, because it illustrates 
one essential feature of analogy as an aid to discovery The analogy is not 
used to tell us what the real world is like Only observation can supply such 
knowledge What we use it for is to choose convement ways of measurmg 
electrical phenomena Apart from analogy there is no reason why the energy 
of a condenser should be (P D ) We did not start by any fixed definition of 
what potenual is So we are free to make it mean what we like We used the 
analogy to suggest a defimuon of potential consistent with the statement that 
the energy of a condenser is Je (P D ) Havmg defined “charge” m mechamcal 
units, we then used analogy to define another quantity — capacity — which is 
connected with both, and can be measured without the mconvemence of 
determimng a mechamcal attraction Havmg agreed to define P D m terms 
ot work and charge, and havmg re-defined capacity m Imear dimensions, we 
can measure P D by measurmg heat production m the discharge of a condenser 
of known capacity 

One other question which gives rise to difficulues is how we can relate the 
mechamcal (“electrostatic”) defimtions of current and potential to the imiia 
based on chemical behaviour Later (p 695) we shall see that the heat produced 
m a battery circmt m umt time is proportional to the produa of the steady 
current and P D m chemical umts In the discharge of a condenser the find 
P D IS zero, so that the mean P D is hdf its miud vduc, and the energy 
output in umt time is therefore J (current x P D ) m electrostatic umts Hence 
current and P D have the same relauon to energy m both systems So if we 
define battery potennd m terms of the work done when one battery umt of 
current flows one second, we can cdculate how many umts of battery current 
correspond to one mechamed or electrostatic umt by measuring the heat 
producuon m tlie flow of a current If we measure the capacity of a condenser 
by the method mdicated on page 769, we then find that the capacity of a con- 
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denser is directly proportional to the area of the plates, and inversely to the 
distance between them This strengthens our belief that electrification by 
friction and electrificauon by chemical decomposition are quahtauvely alike 


THINGS TO MEMORIZE 

Unit charge is such that when placed at a distance of 1 cm in air from an 
equal and similar charge, it repels it with a force of 1 dyne 

Unit field strength is the strength of the field which acts on unit charge 
with a force of 1 dyne 

The potential difference between two pomts is unity if one erg of work is 
done in takmg unit charge from one pomt to the other One such electrostatic 
unit of potential is equal to .300 volts 

The capacity of a conductor is numencally equal to the charge which must 
be given to it m order to raise its potenual by 1 unit Hence a conductor of 
unit capacity has its potential raised by one umt by unit charge It can be 
shown that the capacity, m units so defined, of an isolated spherical conductor 
IS numerically equal to the radius m ceiftimetres Hence the electrostatic unit 
of capacity is usually called a centimetre One microfarad (p 768) is equal 
to 9 X 10® cm 



CHAPTER XIV 


COSTING THE CURRENT 


At the end of the third decade of the nineteenth century three powers of 
the electric battery were well known It could be used to produce (a) a 
magneuc field, (&) heat suflBcient to evoke incandescence, and (c) chemical 
decomposition of metallic salts The last made it an indispensable part of 
the chemist’s equipment durmg a period of rapid growth m chemical manu- 
factures which actively encouraged chemical research The magnetic effect 
was the first to be exploited commercially Telegraphy was introduced m 
the twenties Its use expanded rapidly in the thirties, more especially in 
America, where the first electrical invention had been brought into everyday 
experience By the end of the fourth decade of the nmeteenth century tenta- 
tive efforts in the commercial exploitation of the heaung effect as a source 
of illumination and of the chemical property of the current as a device for 
plating with precious or non-corrosive metals made new demands on 
theoretical guidance 

In its early stages telegraphy raised few fresh problems of far-reaching 
importance The extension of the railway system created a new need for 
rapid commumcauon No alternauve method of signallmg over long dis- 
tances was available Electricity had no estabhshed compeutor in the field 
For this reason, and also because the expenditure on current by the telegraph 
was relatively small, the question of costmg did not emerge m an acute form 
until more ambitious undertakmgs, such as the Atlantic venture, encountered 
new obstacles Electric hghtmg and electroplating had to compete with a 
pre-existing techmque The aspinng mventor had to count the cost In short, 
standards of measurement were mdispensable to the commercial exploitation 
of the heaung and chemical properues of the current from the start 

One pracucal difficulty which beset early experiments m telegraphy was 
the need for a steady and relauvely durable source of current The first batteries, 
such as Volta’s pile, were seen to be worn down and easily fatigued, or, to use 
the techmcal term, polanzed by bubbles of gas which collected on the metal 
plates (electrodes) They were therefore replaced by batteries of a more reliable 
type Batteries constructed with electrodes immersed m soluUons of their 
own salts do not collect gas bubbles, and are not readily fatigued In such 
batteries the two soluUons of metal salt are kept apart by enclosmg one in a 
pot of earthenware, sufficiendy porous to conduct without much diffusion, 
except what results from current flow One type m common use m the first 
half of the nmeteenth century was mvented by J F Darnell It had zmc and 
copper electrodes like those of Volta’s pile The former was immersed m a 
porous pot containmg zinc sulphate soluuon, and itself immersed m copper 
sulphate soluUon contamed m a copper vessel which acted as the positive 
electrode. 

The impetus which clcctncal research received from setbacks to early 
attempts to estabhsh Transatlantic communication is a story which will be 
told later m this chapter Before this happened tentative efforts to use 
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electricity for lighting and plating had been started on a commercial scale, and 
the economical use of electrical power had been explored with this end in 
view The crudest measurements of the chemical or heating action of the 
electric current bring us face to face with two aspects of electrical phenomena 
One depends on the wire used for the circuit The other depends on the 
generator The heat produced in a piece of wire durmg a fixed interval of 
time is inversely proportional to its length, and is directly proportional to 
the square of the number of cells connected tn series (see p 698) to make 
a battery The heat produced in a uniform piece of wire 1 mch long is three 
times as great as the heat produced when the terminals of the same battery 
are connected for the same length of time with a piece of equally thick wire 
3 inches long If the same wire is connected successively with the termmals 
of a battery of one Darnell cell and with the termmals of a battery of three 
Darnell cells connected in senes (posmve to negative) the heat production is 
increased mnefold 

This rule was first set forth by Joule about the time when arc hghtmg was 
introduced in the streets of Baltimore Joule’s expenments on the heat 
production of the current were part of a wider enquiry which involved the 
detemunauon of the mechamcal equivalent of heat The social context of 
the researches which enabled Joule to compare the runmng costs of a battery 
and a Cormsh engme have been discussed in Chapter XII This chapter 
will summarize the mam facts about the measurement of current, and will 
be based on the methods used by Joule and Faraday in the earhest investi- 
gations of the heating and chemical properties of the current In Joule’s 
researches a clear distmction between three kinds of electrical measurements 
was first made The umts now used, the ampere (current), the volt (potential 
difference or E M F ), and the ohm (resistance) had not yet been settled by 
international agreement, which did not come about until after the extension 
of the cable system When Joule and his contemporanes refer to what we 
call E M F they do not speak of volts At that time it was customary to speak 
of so many Darnells^ using the name of the generator for the unit itself 
So, also when Joule deals with the measurement of what is now called resistance^ 
he gives the length of a wire of such and such thickness and matenal For our 
purpose there is nothing to be gamed m describing his discoveries in his 
own words We shall use the modern terms, and first explain their meaning, 
lUustraung them by simple experiments of the type which Faraday under- 
took in connexion with his studies (p 702) on electrochemistry 

It will help us to understand the meanmg of the three fundamental units 
if we pursue a crude analogy suggested by expenence of everyday hfe m the 
age of water power. It has lost none of its usefulness now that we can no 
longer subsenbe to a hteral behef m caloric or the electric flmd of Franklm 
The flow of water involves the transference of matter from one place to 
another at a measurable rate So also when electrodes of metal connected 
with the two termmals of a battery or other steady generator are immersed 
in a dilute solution of an acid, metal is worn away from the positive electrode 
(anode) and deposited on the negative (kathode) Thus the most direct way 
of measunng the electnc current is to find the weight of a product of chemical 
decomposition deposited on one or other of the electrodes m unit time 
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A paddle or water- wheel will rotate clockwise or anti-clockwise according 
as the overhead current flows beyond the centre from left to right or right 
to left Seen ft’om above, the north seeking pole of a suspended magnet is 
turned ana-clockwise or clockwise according as a wire placed lengthwise 
overhead is connected to the negative or posiave termmal of the battery at 
the end beyond the north seekmg pole of the compass needle (Fig. 316) Thus 
the water current and the electnc current may respectively be measured by 



Fig 320 — Poijseuillb’s Prinople 

Apparatus for showing how the rate of flow of water varies with the pressure head 
and resistance of the outflow The former can be maintained at a constant level by 
an outflow above, m any position of the “generator ” The level can be varied by raismg 
or lowering the generator Thick or thm, long or short capillary tubes can be used for 
the conduit The current is measured by the rise of water in a graduated cylmder 
during an interval of ume measured with a stop-watch If the bore of the conduit is 
fine so that water only trickles drop by drop the current is increased by increasmg the 
pressure head, and decreased by substituting a conduit of smaller cross section or 
greater length 

the power to turn the water-wheel or the compass needle For reasons which 
will be explamed more fully at a later stage, it is simpler to take the more 
straightforward defimaon based on the mass effect The ampere has already 
been defined as the current which deposits in one second 0 001118 gram of 
silver from a solution of silver mtrate 
The accompanymg illustration (Fig 330) will help you to see how the 
companson between the electnc current and the flow of water can be usefully 
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applied to the measurement of electrical phenomena If a current of water 
IS flowing at a certain rate, let us say x c c per minute through a tube AB 
which divides at B into two branches, the currents jv c c and zee per minute 
respectively flowing through the two branches are together eqtuvalent to 
the current in AB, (x = j; -f z) Likewise the currents flowing m two branches 
of a divided circuit are together equivalent to the current in the common 
path connected to the generator This can be proved by putting pairs of 

y oz of wrtxhzj per mixuite. 

— % — 

x=(y-\-z)cc of ^ 

per nrniutc ^ 



Fig 330 

The sum of the currents through the branches of a circuit is equivalent to the current 
which flows through a common path 

silver electrodes in solutions of silver mtrate in different parts of the circuit 
If the negative electrodes of each “electrolytic cell” are weighed before 
switchmg on the current and after switching it off, the weight of silver 
deposited m the two branches is found to be the same as the weight deposited 
in the common part of the circiut 

The analogy between electncal measurements and measurements of water 
flow IS very close, when the bore of the pipes is smalls This can be shown by 
studymg the flow of water m capillary tubes, i e the sort used tor thermo- 
meters The water current or mass of water which issues from the mouth of a 
narrow tube m umt time depends on two classes of measurements (Fig 329), 
one is charactenstic of the cistern or dam, and the other of the pipe or orifice 
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which conducts the water away from it As regards the first, what counts is 
the head of pressure If the pipe connecting two astems has the same dimen- 
sions ^roughout, the current flowing between them is directly proportional 
to the difference between the heights of the water m each Generally both 
are placed above ground so that this is simply the anthmetical difference of 
their ground-level heights When one is above and the other below the earth, 
the same rule applies, if we measure height above ±e ground as positive and 
distance below as negative If we connect two similar astems, each having 
two taps, one at the bottom at lower, and the other at the top at higher 
pressure head or water potential, we may do so m two ways (Fig 331) If 
connected so that the tap of one cistern at lower potential feeds the tap of the 
other cistern at higher potential, the effective pressure head is doubled, and 



the current is proportionately inaeased Similarly the electnc current 
measured by the amount of chemical decomposition it produces is doubled if 
we replace either of two cells which produce the same current by a battery of 
two cells arranged so that the positive termmal of one is connected with the 
negative termmal of the other So if we call the electromotive force or potential 
difference between the termmals of a single Weston cell 1 0183 volts, the 
E M F of a battery of two Weston cells connected “m senes” is 2 0366 volts 
Putting C for current measured in amperes and E for the potential 

Coc E 

The water current which flows from a cistern out of a capillary tube does 
not merely depend on the pressure head It also depends on the dimensions 
of the tube If the tube is narrow, i e if its sectional area is small, the amount 
of water which escapes m umt time is smaller than if the tube is wide It is 
also smaller if the tube is a long one than it is if the tube is a short one If the 
termmals of the same generator are connected to electrodes dipped in a 
solution of silver mtrate, the current (i e amoimt of silver deposited m umt 
tipe on the negative plate) also depends on the length and t^ckness of the 
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wire m the same way The current is decreased if the length of wire is increased, 
and increased if thicker wire of the same length is substituted. Exact measure- 
ment shows that the current is directly proporuonal to the sectional area of 
the wire, and mversely proportional to its length, i e 

Coca// 

If Ija IS large the current is therefore small, and if Ija is small the current 
is large So we may regard the reciprocal of the ratio on the right-hand side 



By insertion of a metal plug m the key K the current is switched on to 3 silver “\olta> 
meters” consistmg of two pairs of small silver plates, placed far apart m a dilute solution 
of silver nitrate If the plates are well separated, the soluuon is dilute, and die con- 
nections are made with tluck copper all the effective resistance to the flow of the current 
IS in the voltameters The sizes of the plates and their distances apart is the same in all 
three cells, and the same soluuon is used Before inserting the plug the negative 
electrode m each voltameter is weighed The mcrease in weight after removal of the 
plug when the current has been flowmg for some time, gives the current m each 
voltameter In the arrangement shown the E M B of the ftrst cell (EJ of a battery 
of two cells drives current thiough the lower current meter on the left, the E M B 
of the second drives current through the upper one, and the current in the lower 
one on the right is driven by the combmed E M E of both cells If current is directly 
proportional to E M F , the silver deposited on the negauve electrode of the last of 
the three will be found to be equivalent to the total amount of silver deposited on the 
negauve electrodes of the other two 


of the expression just given as a measure of the resistance with which the 
external circuit opposes the flow The corresponding law of capillary flow is 
not exactly analogous The water current is mversely proportional to the 
length of the conduit and directly proportional to the square of the cross 
section So the ratio / — is a measure of the effective resistance offered by 
the circuit This is only true if we confine our measurements to the same 
fluid at the same pressure. At the same pressure different fluids do not flow 


Y 
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at the same vcloaty through the same length of the same pipe Glycerine or 
XX oil are more sluggish than water They are said to have greater viscosity 
The relative viscosity of a fluid is simply the ratio of its rate of flow to that of 
some standard fluid at the same pressure m a capillary tube of the same length 
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To show that current is inversely proportional to the length of the conductor the upper 
arrangement may be used To show that it is directly proportional to the area of cross 
section the lower one is designed In each the current travels through two parallel 
wires of very high resistance All other connexions are of thick wire of highly con- 
ductue material The plates are close together, and the solutions are moderately 
strong So dll the effective resistance is in the two wires In the upper arrangement 
the current flows through two lengths /i, la of two wires of the same sectional area 
The weights of silver deposited on the kathode in the two silver voltameters give the 
currents and in the same ratio as and 1 1 The two wires in the lower figure 
are of the same material and length but of different secuonal area ai and Oa The 
current between two points P and Q therefore flows through and 


and cross-section If we know the rate of flow of the standard fluid m a tube 
of known dimensions at known pressure, a table of relative viscosides tells 
all we need for calculatmg the rate of flow of other fluids when the pressure, 
the length of the conduit, and its sectional area are specified 
So also we have to take into account a quahtative feature of the resistances 
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which different conducting matenals offer to the electnc current To do so we 
adopt a common device of physical measurement On pp 690-2 we learnt 
that the thermal capacity of a substance is proportional to its mass, and that 
the thermal capacities of equivalent masses of different substances are differ- 
ent We therefore brought m a standardizmg faaor called specific heat By 
analogy we can define the resistance (R) of a conductor as the produa of 
the ratio //a which fixes the current when the generator and material are 
specified, and a standardizmg factor s called specific resistance to take account 
of the matenal itself, i.e 



The relation of the current to the external circuit when the generator is 
the same is then summed up m the statement 


When the external circmt is the same 

C cc E 


Both statements are combmed m the equation 



If the umt of resistance is chosen so that a current of 1 ampere flows through 
a conductor of unit resistance when there is an E M F of 1 volt between 
Its ends, C, E and R are each one umt So A = 1, and we can put 



This umt of resistance is called the Ohm It is the resistance at 0° C of 
a uniform column of mercury 106 300 cm long, weighmg 14 4521 gms. 
If the umt of length is 1 cm , the raUo Ija is umty when a conduaor is 1 cm 
long and 1 sq cm m cross-secnon The resistance R of a conductor with 
these dimensions is therefore 5, and the specific resistance of a metal is the 
resistance of 1 cm of uniform wire of 1 sq cm cross-secuonal area 

The specific resistance of good copper at 20® C is 0 0000017 A piece of 

22 

wire 1 mm (0 1 cm ), thick is y X (0 05)* sq. cm m cross-section So the 
resistance of 1 cm of copper wire 1 mm thick would be about 


1 X 0 0000017 X 7 
22 X 0 0026 


00022 ohm 


Hence the resistance of one kilometre would be 22 ohms, and of I mile about 
35 ohms The specific resistance of the high resistance alloy “Eureka” is about 
0 000048 at the same temperature Hence the resistance of a filament 0 1 mm , 
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(0 01 cm ), thick and 30 cm long would be about 18 ohms So 12 inches of 
Eureka 0 1 mm thick are roughly equivalent to half a mile of copper wire 
1 mm thick 

The nde C -- E - R is called Ohm’s law The importance of it hes 
partly m the fact that the direct measurement of current is labonous and 
generally maccurate Exact measurement of E M F or resistance is much 
sunpler Ohm’s law tells us exacdy what current we shall get, if we know the 
E M F of the generator and the resistance of the curcuit To design a circuit in 
which a current of known strength flows we only need to know how to find 



Fig ^34 — Combined Arrangement for Demonstrating Ohm’s Law 

As in Fig 333 the whole resistance of the circuit except the three wires in the Resist- 
ance frame is negligible, if the precautions there stated are taken The current is 
measured chemically at fixed resistance when the first cell is used alone by insertmg 
metal plugs in A and D, when ihe second is used alone by insertmg plugs m B and C, 
and when both cells are used b> putung plugs in A and C This shows that the currents 
due to generators in series are additive By msertmg plugs m a alone, a and b, a and 
b and c the sectional area of the resistance is varied Its length is varied by moving 
the metal slide 

the E M F (volts) of the generator and the resistance (ohms) of the circuit 
To determme E M F or resistance, once we have decided on a standard 
of E M F (eg the Weston cell) and a standard of resistance (a mercury 
column), we only need to know how to compare a generator of unknown 
E M F or a circuit of unknown resistance with the standard Ohm’s law 
shows us how to do either of these things 


MEASURING RESISTANCE 

An electnc lamp is a metal or carbon filament protected by a glass bulb, 
which IS either exhausted or filled with an men gas Usmg it economically 
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means brmging the filament to the temperature at which it is fiilly incan- 
descent Accordmg to the rule which Joule established, the heatmg effect 
of a current depends on the square of the E M F at the termmals and the 
reciprocal of the resistance between them We can therefore calculate the 
heat producuon of a piece of wire, when we know its resistance and the 
E M F applied If we know the temperature at which the wire becomes 
incandescent and the specific heat of the material, we can therefore design a 
filament lamp suitable for a circuit with a particular voltage All the additional 
knowledge we need is the resistance of the filament Ohm’s law tells us how 
to set about findmg it 

The usual method of findmg resistance depends on an arrangement known 
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Fig 336 — When Resistance is Negligible 

In electrical diagrams lamp filaments, coils, armatures, and the like are often repre- 
sented by a zigzag Ime, as m the figure below The symbol (here R) for the numerical 
value of the resistance m that part of the circuit is then treated m calculations, as if 
the leads had no resistance at all That this is )usufied to a very high degree of precision 
is shown by the fact that one nule of copper wire 2 mm thick has a resistance of about 
8 ohms, as compared with the 1,000-ohm resistance of a 40- watt lamp for a 200- volt 
circuit 


as Wheatstone’s network (Fig 336) Imagme four conductors of different 
resistances connected at their ends to form a parallelogram ABCD, of which 
the points A and C are connected with a cell or other generator of current 
The current is then divided at A or C so that current at one amperage (C^) 
flows through the resistance and Rg (i e through a total resistance 
Ri -f Rg) via the branch ABC, and current at a dificrent amperage (Cg) 
flows through the resistances Rg and via the branch ADC If the voltage 
between the points A and C is E, Ohm’s law tells us that 


c,= 


E 


R, + R2 


and C, - 


R, f Rj 


_ R 3 R4 
C2 Rj + Rj 
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It also tells us the voltages between A and B or A and D, (E^b 

VIZ 


E^b — and E^d — ^2^3 

If xhc resistances are so adjusted that E^^b = Ead there is no difference of 



Fig 330 — Tiilory of the Wheatstone Bridge 

potcnual between B and D, so that no current would flow between B and 
D if they were connected When this is the case 

CqRi “ 

C, R, 

R3 _ R3 “h R| 

Rj R) 1" R 2 

Ra R4 Ri R2 


This means that if the resistances are such that no current flows when B 
and D are connected 
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Suppose therefore that you want to know R 2 , and that you already know 
which IS your standard resistance All you have to do is to find a 
combination R 3 and R 4 J which lets no current flow when B and D are con- 
nected For this the instrument usually used is the “Wheatstone bridge” 
(Fig 337) It consists essentially of a tlun uniform wire, AC, of high resist* 
ance mounted side by side with a scale marked off m millimetres (or other 
convemently small units) The ends A and C are connected with a thick 
broad metal plate havmg two gaps with termmals to which the unknown 
resistance (U = and the standard resistance (S = R^) are mserted In 



A C (^cnsj^dtoi 

(ui(mc±iai call ) 

Fig 337 — Wheatstone Bridge Fitted to Measure Resistance of a Lamp 

the middle of the metal junction between U and S a tenmnal is mserted 
at B Owing to the thickness of the metal junction, of which the resistance 
IS negligible, all the measurable resistance in the limb ABC is m U and S 
A and C are connected with a generator The termmal B is connected with 
one tenmnal of a current detector such as a galvanometer (p 706), which 
registers the presence of a current by the deflection of a needle or wire The 
other tenmnd of the detector is connected with a tapping key, which slides 
alongside of AC At some pomt D along AC no current will flow through 
the detector when the key touches the wue At this pomt, 

S R 3 

u = s ^ 
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Since the wire is of uniform thickness and matenal the resistances Rg of 
AD and of DC only depend on the lengths AD and DC, which can be 
read off on the scale, so that 



Thus if no current flows when the tapping key is 750 mm from A and 
250 mm from C and the standard resistance is 10 ohms, the unknown 
resistance is 

10 X ^ = 3 3 ohms 
750 

In practice a convement arrangement is to use the alternating current of a 
shockmg coil as a generator, and a pair of headphones as a detector When 
headphones are connected with an alternating current a buzzing sound 
occurs When no current passes there is silence, and all you have to do is 
to shde the tappmg key to the pomt D on the wire where no sound is heard 
If you then know the resistance of the arciut and the voltage, the current (C) 
is calculable from Ohm’s law, smee C = E — R Thus if the E M F is 
110 volts at each pomt m a hghtmg circmt and the resistance of a lamp is 
220 ohms, the current which flows through it is 0 5 ampere With the aid 
of the Wheatstone bridge we can test the tru± of Ohm’s law by comparmg 
the resistance of conductors of different lengths, thickness and material 
without recourse to protracted chemical measurement 

You will notice that the definition of the standard ohm speafies the 
temperature at which resistance is measured Resistance does m fact vary 
with temperature, though not greatly withm the customary limits of room 
temperature This fact is used in determmmg very high temperatures By 
measurmg the resistance at different temperatures registered by an ordinary 
wire we can ascertam how much the resistance changes per degree, and in 
this way we can use the resistance of a wire to measure temperatures beyond 
the hmits at which ordmary thermometers, dependmg on expansion of a 
fluid or gas, cease to be workable (see p 578) The resistance of a few sub- 
stances IS also affected by hght This is characteristic of selenium^ an element 
allied to sulphur So it is possible to reproduce differences of hght intensity 
as differences of current strength 

Mechamcal vibrations associated with audible sound are converted into 
current variations m the nucrophone or telephone transmitter The con- 
strucuon of the telephone transmitter or microphone depends on the fact 
that loose contacts between conductors naturally have a high and variable 
resistance This is because vibrations brmg contiguous surfaces mto contaa 
or separate them For this reason terminals should always be firmly screwed 
down The transmitter of a telephone is a box of which one face is a flexible 
diaphragm The latter responds readily to sound vibrations The carbon 
granules lymg agamst the opposite face are connected, like the diaphragm, 
in senes with the circuit Between the two the space is hghtly packed with 
carbon granules formmg a loose contact Each mechamcai vibration produced 
by the voice or an mstrument therefore produces a change m the resistance 
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of the circuit, and m consequence a corresponding fluctuation of the current 
when a steady source of E M F is supphed by the generator 

Since the heating effect in a circuit is greatest where the resistance is greatest 
the high resistance which develops at a loose contaa can be used in another 
way Electncal welding depends on the production of intense heat at the 
interface between two pieces of metal in loose contact, when a strong current 
flows across it. 



Fig 338 — Telephone Receiver (or Loud Speaker) Above, with Magnet (M), 
Coil (C) and Iron Diaphragm (D) Telephone Transmitter (Microphone) 
Below, with Carbon Diaphragm (D) Connected with Terminal T^ and Carbon 
Granules (C) Connected with Terminal T 


THE MEASUREMENT OF POTENTIAL 

Two methods of measurmg potential or E M F are commonly used when 
the current supphed is direct and steady The first is the voltmeter We 
have seen that a suspended magnetic needle is deflected by a current flowing 
parallel to its axis as m a railway telegraph, and it is easy to make a scale 
showing how much current corresponds to how big a deflection of the needle 
Such an arrangement is called a galvanometer The scale divisions can be 
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graduated by an arrangement shown m Fig 340 The same current from 
a battery of known E M F passes through (a) a variable resistance which 
IS a very thm wire of uniform thickness and low conducnvity with a shdmg 
contact P, (b) the galvanometer, (c) a “voltameter” of two silver electrodes 
dipped m silver nitrate The negative plate of the latter can be weighed at 
fixed mtervals The steady position of the needle on the scale is noted durmg 
each interval, and after each weighmg the current is varied by movmg the 
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Fig 339— EMF 

The EMF of a cell is the total EMF required to drive the same current from 
A ro B through the external circuit and from B to A through the cell itself the key 
A li closed With a current meter we can measure the current which the same cell 
delivers first with one resistance (e g ^ ohms), then with another (e g 50 ohms) If the 
internal resistance of the cell is r, the E M F is E and the two external resistances 
successively used to give a current Cj and C2 are Ri and Ra 

^1(^1 “h r) = E = CaCRa -F r) 

The value for r so obtamed shows that the voltage of the cell is the sum of the voltage 
which IS available for driving the current through the mtemal resistance of the cell 
and the voltage for dnvmg the same current through the external resistance That 
is to say, Ohm’s law applies to the whole circuit Note particularly that the E M F 
of the external circuit approaches a Umitmg value equivalent to Ae E M F of the 
cell, when the resistance of the external circuit is large and the current consequently 
very small 

Check all the calculations m this figure by applymg Ohm’s law to all parts of the 
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sliding contact P, which increases or diminishes the resistance of the circuit 
We can thus mark off scale divisions corresponding to so many amperes or 
fractions of an ampere 

Although an mstrument cahbrated m this way would not be suitable for 
findmg the current ordmanly flowmg m a circuit because its own resistance 
would reduce the current, it can be used as a voltmeter between any two 
pomts in the circuit, when its termmals are connected to them All we 
need to know is the resistance of the galvanometer itself If this is G, Ohm’s 
law tells us that C==E — GorE = CG. That is to say, each scale division 


bditbzpy of 4 calls 



Calibrating a galvanometer by current produced when the resistance 
of the circuit is known 

correspondmg to C amperes must be multiplied by G ohms corresponding 
to the resistance of the galvanometer This gives us the correct value of 
E m volts To get G we have only to put the galvanometer in place of the 
lamp in one arm of the Wheatstone bridge shown m Fig 337 
Cahbratmg a galvanometer by its chemical acuon is labonous and hable 
to maccuracy because of fluctuations m the value of the current In practice 
It is therefore better to have an mdependent way of measuring voltage An 
alternative device is called the potentiometer T^s consists of two essential 
parts, a uniform wire, which has its terminals connected to the termmals 
of a constant source of voltage, e g an accumulator, and has a shdmg contact 
like that of a Wheatstone bridge, together with a detector The detector is 
a galvanometer, but as it is only used to detect current, it need not be gradu- 
ated accurately, or, mdeed, at all All that matters is that it should be sensitive 
to very small currents The use of the potenaometer depends on an analogy 
between the flow of electnaty and the flow of water 
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A pipe offers resistance to the flow of water, and there is a continuous 
drop (Fig 341) of pressure head along the length of the conduit from a 
cistern while water is flowmg out of it With a galvanometer we can show 
that if A and B (Fig 342) are two points on a wire carrymg a current, there 
IS a continuous drop of potential between A and B That is to say, ±e 
deflection is always less when the termmals are connected with A and C, 
any point between A and B, than when they are connected with A and B. 
If the galvanometer has been graduated in scale divisions correspondmg to 
volts, as described above, the voltages are proportional to the resistances 
between the two points to which the termmals are attached So if the wire 
AB IS of uniform thickness and material the ratio of the voltages Eab Eac 
IS the ratio of the distances AB AC 

If we have first satisfied ourselves that Ohm’s rule is correct, by testing 




Fig 341 

Drop in pressure head of flowmg water, where a high resistance is inserted For purposes 
of illustration the gradients are exaggerated 


the resistance of measured lengths of wire on a Wheatstone’s bndge, it is 
not actually necessary to perform the expermient descnbed. The conclusion 
stated follows from it, if Ohm’s law is true of every part of a circmt m which 
an electric current (c) flows Thus, if AB is a wire of uniform thickness and 
material conneaed to a battery at each end (Fig 342) the EMF. (E^) 
between two pomts A and B separated by the length of resistance is 
cRi, and the E M F between two pomts A and C separated by a length /g 
of resistance R 2 is cRg, so that 

Ej E2 = Rj R2 

Smce the thickness is uniform the ratio 

R2 — K h 

El E 2 = /i /2 

The principle of the potcnuometer is illustrated in Fig 343 If two 
generators wiii the same EMF are jomed by “like” ter minal s (+ to + 
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or — to — ) a current detector wiU register no effect If they are not of the 
same voltage a small current will flow, and it will be approximately the same 
as the current produced by a generator whose voltage is equivalent to the 
difference between the voltages of the cells If (see lower half of Fig 343) we 
connect the positive termmal of a standard cell of known voltage to the posi- 
tive terminal A of the potentiometer wire AB, and its negauve ternunal to 
the negative ternunal B, current will flow round the circuit including the 
standard cell, when its voltage is less than the E M F between A and B 



Drop of potential in a circuit between two points A and B 

This will be shown by deflection of the magnetic needle in a galvanometer 
placed in series with the standard cell At some point P the voltage between 
A and P will be just the same as the voltage of the standard cell, and no 
current will flow when the cell is connected with P mstead of with B If one 
termmal of the standard cell is fixed at A, which is connected with the battery 
termmal of the same sign, the other can be connected to the wire by a shdmg 
key, and by tappmg the latter at intervals along the wire w^e can find the 
pomt P situated at a distance from A When the standard cell of E M F 
S has been tested, a cell of unlmown voltage (V) may be tested m the same 
way to find a “null pomt” C at a distance from A Since the voltages 
Eap and Eac are in the same rauo as the resistances of AP and AC, 

S V = /i 
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The potenaometer method is based on Ohm’s rulc^ and does not require 
the use of a galvanometer graduated m volts So it can be used to determme 
the voltage between two points which give a particular deflecnon of the 
galvanometer when connected to its terminals Hence it can be adapted to 
graduate a voltmeter directly Havmg settled on a simple method of measur- 
ing voltage (E M F ), ohmage (resistance), and hence, indirectly, of findmg 
amperage (current) without recourse to the labonous method of chemical 
analysis, we may now examine the various charaaensacs of current electriaty 


XX X 



y>x y^x y<x 



Fig 343 — Principle of the Potentiometer 


and the use to which they are put The most important are (a) the heating 
effect, {h) the chemical decomposiuon, (c) magnetic phenomena, (cf) spark 
discharge through a gaseous medium The last of these will be left till the 
next chapter 

THE HEATING EFFECT 

If the voltage supphed to a circuit is fixed, Ohm’s law tells us that the 
current which flows through it falls off if a high resistance is mtroduced 
mto the circuit Thus long fine wires inserted between the tenmnals of a 
cell and electrodes dipped in a soluuon of silver nitrate result in the deposition 
of less silver than would be deposited if the electrodes were connected with 
the battery by short thick wires. In the same way (Fig 341) a narrow pipe 
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inserted m the outflow from a cistern greatly reduces the rate of flow Resist- 
ance to an electnc current or to a water current entails loss of power to do 
mechamcal work, or to produce chemical and magneuc effects, and, as we 
should expect from the Conservauon of Energy, this is associated with the 
production of heat The heat is mcreased if a battery of several cells is substi- 
tuted for a smgle cell, and the current which flows is then, of course, greater 
Hence the heatmg produced by a current depends on the strength of the 
current and the resistance encountered 
In the experiments already mentioned Joule found that the mechamcal 
work done by an electric motor dnven by a battery current, and the heat 
produced by the same ctirrent durmg the same time mterval, are both 
proportional to the resistance of the wire and to the square of the current 
strength, i e 

= C^R, where ^ is a constant 
Smee C = E — R, we may also wnte this as 

m = £2 - R 
or kU^EC 

It is easy to test this rule by means of apparatus such as Joule used (see 
Fig 344) With the exception of the silver current meter, the parts can be 
bought m a departmental store For home-made outfits a secondhand 
ammeter may be substituted for the chemical one 
The form of Joule’s law is not surpnsmg, when we recall how energy is 
measured The loss of a defimte number of work units is associated (see 
p 605) wi± the production of a fixed number of calories If a water current 
makes a water-wheel rotate, the mechamcal activity in a fixed mterval of 
ume depends on two things A large bulk of water at a low pressure is no" 
as effective for produemg work as the same bulk projected at high pressure 
Gjnversely a thin jet projected from a hypodermic needle is less effective 
than a copious stream at the same pressure The rate of working thus depends 
both on fimd pressure and on rate of flow So if we are lookmg for umts 
to connect the measurement of heat with the measurement of electrical 
changes we should expect to find that heat production m umt time depends 
on the product of voltage and'amperage 
The product EC (or what is the same thmg C^R, or E^ — R) is called 
the electrical power of the circmt The umt of electrical power is defined as 
the electncal power of a circuit when the terminals have a potential differ- 
ence of one volt and one ampere flows between them Experiment then 
shows that the heat producuon is 0 239 calone per second Hence 

k{0 239) = 1 X1 
/fe = 4 18 

This means that when the heat production (H) of the circmt is one calorie 
per second, the number of umts of electncal power is 4 18 We have seen 
on p 626 that the production of 1 calone per second mvolves an output of 
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4 18 X ergs per second So one unit of electrical power is equivalent 
to lO"^, or ten million umts of mechamcal power in the mtemational system 
Ten milli on international power umts (ergs per second) correspond to one 
watty which IS thus the umt of electrical power as well 

From our defimtion, the number of watts standing for the power pro- 
ducuon of a circmt is the product EC (= C^R = — R), when E, C, and 

R are measured m volts^ amperes, and ohms Thus a current of 3 amps 



Fig 344 —Electrical Equivalent of Heat 

A battery is m senes with a silver-silver nitrate voltameter and two known resistances 
(Rj and Rg) immersed m the same quantity of water The electrodes of the silver 
voltameter are weighed The key K is mserted to complete the circuit After ten 
mmutes the key is removed If the mitial temperature was T, it will be found that 

T, - T _ R, 

T*~T R, 

Since the quanuty of water affected is the same, the heat developed is proportional 
to the nse m temperature, i e 

Ha Ra . 

The electrodes are weighed to see how much silver has been deposited This gives 
the average current C m tlie first experiment The available current is now reduced 
or increased by changing the variable resistance The water is allowed to cool to the 
temperature T and the key is agam mserted After ten mmutes, the new temperatures 
tj and ti are recorded, and the electrodes weighed to get the mean current (c) m the 
second experiment It will then be found that 



Tj- T 
^2-T 


le C>ocH 


at a voltage of 50 corresponds to power production at 3 x 50 = 150 watts, 
and a current of 2 amps flowmg through a resistance of 15 ohms corre- 
sponds to 2^ X 15 = 60 watts Lamps are usually marked with the number 
of watts developed at a given voltage In effect tlus tells you the resistance 
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and current at the same time For example, a lamp may be marked 50 W 
110 V SinceW = E2-R, 

R = (110)» - 60 = 242 ohms 

And smce W = E C 


C = 60 - 110 = 0 45 amp 

Thus a lamp so marked has a resistance of 242 ohms, and when connected 
with a supply at 110 volts uses a current of 0 46 amp 
You can now calculate the heatmg power of an elcctnc stove from the 
electrical power which it dehvers If you turn back to p 694 you will see 
that 1 wan represents 0 057 B Th U per minute To brmg a kettle holdmg 
one pound of water from room temperature (say, 62*" F ) to boihng pomt 
(212° F ) you have to raise it through 150° F , and hence require 150 B Th U 
To boil a pound of water m half an hour you will be usmg up heat at 
150 — 30 = 6 B Th U per mmute Since 1 B Th U per minute is equivalent 
to 1 — 0 057 watt, the electrical power required to boil one pound of water 
in half an hour is 5(1 — 0 057) = 88 watts 
One important thing to notice about the heatmg effect is that it is not the 
same m all parts of the circuit It is greatest where the resistance is greatest. 
You can get a clear picture of what is mvolved m a “short circuit’^ by applymg 
the electncal eqmvalent of heat production to a concrete example Suppose 
all the wirmg from one “pomt” m a house circuit supphed at 100 volts is 1 
ohm, and a lamp of 200 ohm resistance is turned on The total resistance is 201 
ohms The current by Ohm’s law is 100 — 201^ i e 0 5 ampere (approxi- 
mately) In the lamp the expenditure of power will be C^R = (0 6)^ x 200, 
or approximately 60 watts This represents approximately 12 calones per 
second The specific heat of charcoal is about 0 25 If no heat were lost to the 
surrotmdmgs, this would raise 1 gram of charcoal through 48° C m 1 second, 
and a carbon filament weighmg about one-fometh of a gram through about 
2,000° C m 1 second. In the rest of the circmt the heatmg power pro- 
duced would be C^R = (0 5)^ x 1 = 0 25 watt, or roughly 0 06 calorie per 
second The specific heat of copper is about 1/11 Hence 1 calone raises 1 
gram of copper through 11° C , and 0 06 calorie through roughly 0 7° C If 
the copper wire connectmg the point to the lamp weighed 10 grams, it would 
therefore be developmg heat at less than 0 1° C per second Suppose now 
that the ends of the wires touch, so current is driven through 1 ohm at a 
potential of 100 volts The amperage is 100 This means that the production 
of heatmg power at the rate of 100^ x 1 = 10,000 watts or 2,390 calones 
per second This would raise 10 grams of copper 11/10 x 2,390°, or about 
2,600° C m a second, and mstantly melt it, mcidentally settmg the house on 
fire To safeguard agamst this, cucuits are always fitted with fuses, i e at 
some pomt m the circuit a wire with a lower meltmg pomt (and rather higher 
resistance) than the mam wires is mserted When short circmtmg occurs, the 
fuse melts first, thereby breakmg the circmt The practice of replacmg a 
fuse by a lady’s hairpm is not advisable 
The connexions of a house arcmt raise another problem which also illus- 
trates the use of Ohm’s law From the two terminals at which current is 
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delivered to the house the vanous points are connected in “parallel” (see 
Fig 345) When two resistances and are connected in series (Fig 345), 
1 e consecuuvely with a generator^ the whole resistance of the circuit is 
raised to + rg, and the current is therefore reduced. When the same 
two resistances are connected in parallel, 1 e separately to the termmals of 
the same generator, the result is quite different The total resistance of the 
circuit IS less than the resistance of any single branch in the circuit The 
simplest case to take is a circuit with two branches (Fig 345) If the total 
resistance in the circuit is R, the current flowmg through the common cables 


'R^sisbdoices Resistcm 





Resistances and cells in series and m parallel with connecting cables 
of thick copper wire 

AB, CD of neghgible resistance is b — R In the branch with resistance r, 
the current is 

Cl = E - ri 

and in the branch with resistance the current is 

C 2 = E — 

Since the total current C = Cj + Cj 

E E 
R r, rj 
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Thus if Ti IS 10 ohms and is 15 ohms, the total resistance is 150 — 25 
= 6 ohms 

Suppose, then, that the generator is a storage cell of 2 volts When alone 
IS connected to it the current flowmg is 2 — 10 = 0 2 amp When 1*2 alone 
is connected the current is 2 — 15 = 0 13 amp If however both are con- 
neaed m parallel the current which flows through the common cable AB 
and CD (assumed to have neghgible resistance) is 2 — 6 = 0 33 amp 
Imagme that the storage cell is a power station, and you will thus see that 
when all the lights of the house are switched on the current which flows 
through the cable connectmg your house to a distnbutmg station is greater 
than It IS when only one is on. This means that the heatmg effect in the cable 
Itself IS mcreased, and it therefore must be capable of sustaimng the extra 
current which it carries when a large number of lamps are m use 


The formulae just given for resistance of conductors in parallel and senes 
lead to an interesting conclusion about the best way to connect cells While 
a current is flowmg through a cell it encounters the resistance of the cell itself 
In ordmary conditions of workmg this is small compared with the "external” 
circuit, as cells are easily fatigued ("polarized”) if the current is large When 
two cells of the same E M F (E) and mtemal resistance (r) are connected in 
senes (Fig 345) the total resistance to the current is simply the sum of the 
external resistance (R) and the mtemal resistance of the two cells (2r) The 
total E M F IS 2E, and the current accordmg to Ohm’s law is 2E — (2r -j* R) 
If connected m parallel the E M F which drives the current through the 
external resistance is the same as it would be (E) if only one cell were used 


1 1 


= - So the iotsl resist- 
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The mtemal resistance of the circmt is 1 — ( - + - 

ance is R Jr The current is therefore E — (R + \r\ or 2E — (r -h 2R) 
If r IS very small compared with R, 1 e if the external circuit has a very high 
resistance and the mtemal resistance of the cell is negligible by comparison, 
the current is 2E — R when the cells are connected m series, and E ~ R, 
or half as great, when they are connected m parallel When the external resist- 
ance 18 small and the cells have high mtemal resistance so that R is negligible 
compared with r, the current is E — r when they are connected m senes, 
and 2E — r, or twice as great, when they are connected m parallel In practice 
the mtemal resistance of the cell is usually small, and if we wish to mam tarn 
a steady current, the external resistance must be large to prevent faugue, so 
that the remarks made on page 680 hold good On the other hand, high tension 
dry battenes are often made with very high mtemal resistance, so that m 
calculatmg the current produced the latter is relevant (see Examples 1-6) 


Calculations of heating power already given illustrate ±e kmd of measure- 
ments mvolved m designmg a suitable filament for an electric stove or radi- 
ator, and m supplymg them with the reqmsite current The problem of 
desigmng a lamp is essentially similar, smee white light is produced by the 
mcandescence of the lamp filament. Lamp filaments are therefore reqmred 
to sustam much higher temperatures than the filaments of a radiator or stove 
This entails two problems The first is to prevent oxidation of the filament 
This used to be done by evacuatmg the globe Vacuum globes have two 
great disadvantages. The first is that they easily burst, and the second is 



700 Science for the Citizen 

that a very high vacuum is necessary to avoid any oxidauon An alternaave 
procedure is to fill the globe with an inert gas^ for which purpose argon is 
specially suitable, and frequently used The other problem concerns the 
best material to use The filament must have a very high meltmg-pomt, 
and a very low specific heat While working it is continually losmg heat 
So heat must be continually supphed to keep it at mcandescent temperature 
(see p 578) 

The first electric lamps had carbon filaments which have a high specific 
heat Later the metal tantalum was substituted To-day tungsten filaments 
are used This metal has a very high meltmg-pomt and (p 578) a compara- 
tively low specific heat Thus a carbon filament lamp gives 0 25 candle power 
(P ^ ^2) per watt (i e a 60- watt lamp gives 15 c p ), while a tungsten filament 
will give about 0 6 candle power per watt (i e a 60-watt lamp gives roughly 
35 c p ) Hence the lighting efficiency of a lamp of the Osram type is more 
than twice as great as the hghtmg efficiency of the original Edison type 
In the best gas-filled tungsten filament lamps it may be eight times as great 
The “half-watt’* lamp has an effiaency of from 1 J to 2 c p per watt, and 
lamps givmg as much as 500 c p are now sold for household use For main 
street hghtmg lamps of 3,000 to 4,000 c p have replaced the old carbon 
arc hght 

The wait represents the rate at which the circmt is workmg It corre- 
sponds to a defimte amount of heat produced m unit time Costing electric 
supply, like costmg heat production m terms of B Th U , is based on the 
total energy consumed, and the total electrical energy consumed depends 
on the time The Board of Trade umt is taken as an output of 1 kilowatt 
(1,000 watts) over one hour Suppose, for mstance, the charge is Id per 
umt This means that 1,000 watts can be used for an hour, or one watt 
can be used for 1,000 hours at a cost of one penny If a 16-c p carbon lamp 
IS run off 250 volts at an amperage of 0 22 the power required is 250 x 0 22, 
or 55 watts (0 055 kilowatt) The lamp consumes 0 055 umt per hour, 
and can therefore be used for 1 — 0 055 = 18 hours for one penny This 
IS 16 X 18 = 288 “candle-hours ’* A 60-watt lamp can be run for 1000 — 
60 = 17 hours approximately at the expenditure of one Board of Trade umt 
If used six hours a day every day m the year the number of hours is 365 x 6 
= 2,190, and the cost at a penny a umt is, therefore, (2,190 — 17) pence, or 
roughly ten shillings You can therefore make an estimate of what your fight- 
ing bill should be, if you remember to turn off the switch when you leave the 
room 

Just as it IS possible to produce heat by an electric current, it is also 
possible to produce an electnc current by heat If the two ends of a wire of 
one metal are )omed to the two ends of a wire of another metal, a current 
fiows through the circmt when the temperature of one junction is not the 
same as that of the other This is illustrated m Fig 346 Some metallic 
junctions are more sensitive to differences of temperature than are others 
Antimony and bismuth make a very sensitive combination For any particular 
“thermocouple” the EMF between the two junctions depends on the 
difference of temperature So if one junction is kept at a fixed temperature 
the current which flows can be found, and once found used as a means of 
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finding the temperature of the other junction Smce it is possible to make 
galvanometers which detect very minute currents, the thermocouple is a 
vastly more sensitive thermometer than a hquid or gas thermometer (see 
p 174, Chapter III) The best thermocouples are capable of detecting 
temperature differences as small as one milhonth of a degree centigrade 

CHEMICAL DECOMPOSITION 

In contradisunction to the heating effect, which varies in different parts 
of the same branch of a circuit when the resistance is not uniform, the 
chemical and magnetic effects depend only on the current which flows 
through any branch Current is measured by the chemical or magnetic 



Current produced by two thermocouples at different temperatures. 

phenomena m the branch of a circuit They are thus the same m all parts of 
the same branch 

Conductors of electricity may be divided into two classes Pure metals 
(and other elements, e g carbon, which conducts electricity tolerably well) 
do not undergo any chemical change either m the solid state or when molten 
if a current is passed through them, unless of course they are heated sufficiently 
to undergo oxidauon Compounds which condua m solution or m the 
molten state break up mto their elements, or mto simpler compounds 
MetaUic salts break up with the hberation of metal deposited on the negative 
electrode while, generally speaking, acid together with free oxygen bubbles 
collects at the positive electrode In the electrolysis of salts like chlorides 
which contam no oxygen, the non-metallic element is hberated at the 
positive electrode 

In an earher chapter we have already referred to the view that substances 
which conduct electriaty m solution break up when dissolved mto electne- 
ally charged sub-molecules or ions The conclusion that they do break up 
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IS based partly on the faas already explained (p 480), but was ongmaily 
suggested by Faraday’s researches on the nature of “electrolysis ” Faraday 
discovered two things about chemical decomposition by the current The 
first IS that if several pairs of electrodes m senes with the same generator 
are placed m solutions of different salts of the same metal (e g copper 
chloride, copper sulphate, and copper mtrate) the amount of metal which 
IS deposited on the negative electrode is the same This means that the same 
current hberates the same amount of a metal from any of its salts The second 
fact Faraday discovered is that when several pairs of electrodes in series with 
the same generator are placed m solutions of different metals, the amounts 
of elements hberated are proportional to their combimng weights. 

Suppose, for instance, two pairs of platmum electrodes are connected m 
senes with a battery, one pair dippmg m a solution of copper mtrate and 
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Fig 347 — Apparatus for demonstrating Faraday’s laws of Electrolysis 


one pair m a solution of silver mtrate In one copper, and in the other silver, 
will be deposited on the negative electrode, and the rauo by weight of copper 
and silver will be 31 8 108 The atomic weight of silver is 108, and it is 
monovalent The atomic weight of copper is 63 6 In copper mtrate Cu(N 03)2 
one atom of copper takes the place of two atoms of silver m silver mtrate 
For instance, the reaction between silver mtrate and copper chloride leading 
to the formauon of the msoluble hght-sensitive chlonde of silver which is 
precipitated from solution occurs thus 


CuQa + 2 AgNOg 

(1 atom (2 atoms 

of of 

copper) silver) 


Cu(N 03)2 + 2 Aga 

(1 atom (2 atoms 

of of 

copper) silver) 


In other words, 63 6 grams of copper replace 2 x 108 grams of silver in a 
chemical reaction between their compounds, or 31 8 grams of copper replace 
108 grams of silver This means that when the same current aas for the 
same length of time on solutions of two different metals, the ratio of the 
wf^itrhts of the two metals deposited on the kathode is the ratio of the weights 
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which replace one another in a chemical reaction, such as the double decom- 
position of their salts 

The lomc hypothesis suggested to account for these facts is that m solution 
molecules of metallic mtrate break down into sub-molecules or torn with 
equal and opposite electric charges Like electrically charged pith balls, the 
positively charged ions are attracted to the negative electrode, and the 
negauvely charged ones to the positive electrode, and since metals go to 
the kathode (negative electrode) the metallic ion is positive Thus silver 
mtrate AgNOg becomes 

Ag^ + (NO3)- 

and copper nitrate, which is Cu(N03)2, becomes 

Cu"^ +(N 03 ). + (N 03 )- 

Since the same current hberates the same weight of any metal from any of its 
salts, the charge on the same metallic ion is the same whatever the salt from 
which it is denved It is also true that the amount of the same acid hberated 
from any one of its salts by the same current is the same So the charge on 
the aad ion of an aad is the same Smce copper nitrate breaks up to form 
2 10ns of mtric aad ion (NO3), the copper ion must carry twice the charge 
of the silver ion, and smce the silver ion is a smgle positively charged ion one 
copper atom is electrically equivalent to two silver atoms The weights of 
silver and copper deposited by the same current should therefore be m the 
same ratio as their combmmg weights (1 e atomic weight — valency) 

Accordmg to the lomc hypothesis the reason why oxygen is usually given 
off at the positive electrode is because the acid ion cannot exist when it 
loses its charge There is no known substance with the formula NO^ So it 
is assumed that when the negative charge of the NO 3 ion is neutralized 
at the positive electrode, it may combine with the metal of the elcctroae 
which is worn away, but m any case usually combmes as well with the 
water thus — 

4NO3 + 2H2O = 02 + 4HNO3 

On the other hand, a chloride like NaCl m the Castner process breaks up 
into Na^ + CL Two chloride 10ns can exist as the pure substance chlorine 
(CI2) when the negauve charge is removed So chlorine is given olf at the 
positive electrode This was how chlorme was discovered to be an element 
by Davy 

When a current passes through electrodes dipped m any acid which 
attacks the metal of which the electrodes are made, metal is transferred 
from the posmve to the negative electrode Thus if silver electrodes are 
dipped in mtric acid, the ions separated by the cunent are and NO 3, 
and at first hydrogen is hberated at the anode As the reaction goes on silver 
nitrate is formed at the expense of the silver positive electrode, and this is 
decomposed with deposition of silver on the kathode Similarly when 
platinum electrodes are dipped m hydrochloric acid the posmve electrode 
IS worn away by formauon of platimc chloride, and a black film of finely 
divided spongy platinum is deposited on the kathode 
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The spongy platinum deposited on a kathode in this way has the power 
of suckmg up hydrogen or any other gas just as blotting paper sucks up ink 
This idiosyncrasy makes it easy to understand a phenomenon which is the 
basis of “polarization,” the term apphed to the faa that cells become tired 
when they are allowed to dehver a large current for some time If two elec- 
trodes, both coated with spongy “platinum black,” are dipped m a solution 
of any electrolyte no current flows when they are connected If a jet of 
hydrogen bubbles plays on one and a jet of oxygen bubbles on another a 
current is set up Thus if suitable arrangements are made to imprison them 
hydrogen and oxygen behave like the metal plates of a cell, and experiment 
shows that the hydrogen electrode is the negative one Smce hydrogen is 
liberated at the positive electrode when a cell of copper and zmc plates 
dipped m sulphunc acid is workmg, the effect of this is to set up a current 
m ±e opposite direction So the current dehvered by a battery of such cells 
IS rapidly faugued, regainmg its strength after a rest which allows the bubbles 
of gas to disappear We nnght, of course, charge two spongy platmum elec- 
trodes with hydrogen and oxygen by immersmg them m dilute aad and 
passmg a current through them Hydrogen then colleas on the negauve 
and oxygen on the posiuve electrode till both are completely saturated 
On cuttmg out the generator and connectmg the two electrodes a current 
can now be obtamed from the platinum electrodes This gives you a picture 
of the prmciple mvoived m the construction of the storage battery with two 
similar electrodes of spongy lead Such re-chargeable battenes are now 
replacing the older type of battery with electrodes of different elements. 

Various devices are used to prevent polarizauon of ordinary cells In tlie 
common “dry cell,” one electrode is made of zmc (— ) and one of carbon 
(+) as m the old Leclanche cell of bell circmts, the carbon rod is surroimded 
by a stiff inner paste of manganese and lead oxides, and the remaining space 
between this and a zmc cyhnder is packed with a thinner paste of plaster 
of Paris and sal ammomac (ammomum chloride) Needless to say, the con- 
tents are not truly dry If they were there would be no ionization, and 
therefore no cunent. 

The lomc hypothesis which explams why a current decomposes an electro- 
lyte, also provides an explanauon of how the cell works When two different 
metals are placed m a solution of electrolyte they do not react with it to the 
same extent Hence the concentrauon of ions at the surface of me two electrodes 
IS different This implies two things at the same time a difference of osmotic 
pressure and a difference of electric charge, and since both are different aspects 
of one and the same phenomenon there must be a defimte connexion between 
the two Difference of osmotic pressure means power to do work, which is 
related m a definite manner to heat producaon (p 605), as are also the E M F 
and current of a cell So if we know either, the first law of thermodynamics 
tells us how to find the other If we know all the chemical reactions mvoived, 
the osmouc pressure differences are calculable Thus the E M F of a cell can 
be calculated if the lomc hypothesis is correct This has been done successfully 
for a few cells m which the chemical changes are fully vmderstood So the 
lomc hypothesis gives a correct account both of the chermcal charges which 
result m the products of a current and the chemical charges which result from 
the anolication of a current. 
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THE MAGNETIC EFFECTS OF A CURRENT 

In the neighbourhood of a magnet a compass needle does not take up 
Its usual position along the magneuc meridian, unless the magnet is also 
placed with its axis m Ime with that of the needle along the meridian The 
space m the neighbourhood of a magnet is therefore called a field of magnetic 
attraction, and the magnetic phenomena characteristic of the electric current 
are summed up m the statement that the space m the neighbourhood of a 
conduaor, while current is passmg through it, becomes a magnetic field 
A magnetic field is polar, 1 e exercises equal and opposite effects on the 
north- and south-seekmg poles of a magnet suspended in it One pole is 
deflected to the right, and the other to the left of the magnetic meridian, or 
vice versa If the magnetic field is due to the presence of an ordmary magnet 
its polarity only depends on the position m winch the two poles of the magnet 
are placed 

The polarity of the magnetic field due to a current flowmg through a 
straight wire depends on the relative position of the ends of the wire with 
reference to the terminals of the generator To descnbe the magnetic effects 
due to a current it is therefore useful to adopt a convention for the direction 
of a current In electrolysis of a metallic salt by electrodes of the same metal 
the negative electrode is built up at the expense of the positive one, and 
metal passes from the positive to the negative electrode For that reason 
it 1 $ customary to speak of the current as flowmg from the positive tenmnal 
to the negative one m the external circuit This is a purely arbitrary convem- 
ence It must not be imderstood to mean anythmg about the way m which 
electrically-charged particles shift m a metal conductor The characteristics 
of the magnetic field due to the passage of a current may then be summarized 
under three headmgs 

(i) If a wire carrymg a current hes lengthwise above (Fig 316) the axis 
of a magnet suspended along the magnetic meridian with the N seekmg 
pole lymg towards the end connected with the positive termmal, it is deflected 
clockwise If the N-seekmg pole hes towards the negative termmal, it is 
deflected anticlockwise If we adopt the conventional figure of speech and 
speak of the current as flowmg from positive to negative, both rules are 
summarized in the statement that an imaginary man swimming in the current 
above the compass needle would always see the north^seeking pole deflected 
to his left If the wire hes beneath the needle, an analogous rule applies The 
swimmer, now on his back, would still see the north-seekmg pole deflected to 
his left If the wire is turned back so that the current flows in the opposite 
direction above and below the compass needle, the deflection is more power- 
ful If the current passes through several loops, each reinforces the effect 
The deflection of the compass needle is then a more sensitive mdicator of 
current 

The sensitivity of the compass needle as a current deteaor can be further 
mcreased by couplmg two magnetic needles with unlike poles face to face 
(Fig 348) This arrangement or astatic couple is unaffected by the earth’s 
field if both needles are equally magnetized So it is not necessary to arrange 
the wire along the magnetic mendian If the coil is wound so that the current 

z 
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first passes above the upper needle, next in the opposite direction below it, 
and consequently above the second which faces the opposite way, then 
below the second, and so on, the arrangement is a very sensitive one for 
detectmg the “nuJ] point” of a Wheatstone bridge or potentiometer measure- 
ment Such an arrangement is one type of galvanometer 
A galvanometer equipped with an astatic couple can be used to measure 
current For makmg accurate scale divisions showmg the amperage corre- 
spondmg to a particular angle of deflection the method described on page 691 
is not a very accurate one, because a very steady current is difficult to get 
If the resistance of the coil has been accurately determmed we can tap off 
two currents from two pomts in a arcuit also connected with a potentiometer 
(Fig 349), and make practically mstantaneous observations on the exact 
E M F and deflection simultaneously This gives the scale divisions corre- 
sponding to a known E M F and sc^e divisions correspondmg to a known 



Fig 348 — The Astatic Needub 

amperage are calculated from Ohm’s law Thus if each scale division of a 
galvanometer whose coil has a resistance of 20 ohms corresponds to 0 1 volt, 
each scale division also corresponds to 0 1 — 20 = 0 005 ampere 

In pracnce a galvanometer cannot be used m the same way both for 
measurmg voltage and for measurmg amperage A voltmeter must have a 
very high coil resistance, or a high resistance must be connected m series 
with It If a voltmeter of very low resistance were connected with the termmals 
of a high-tension supply (e g hghtmg circuit) its wires would melt, or the 
fuse of the circuit would do so, owmg to the high current transmitted When 
used for measurmg the voltage of a cell, a very high resistance galvano- 
meter is capable of measurmg either the total E M F of the cell itself 
or the E M F available to an external circmt m parallel with the galvano- 
meter (Fig 350) A current meter (ammeter) must have a very low resistance, 
so that Its presence m the circmt does not appreciably lower the current 
traversmg it It is not necessary to make the resistance of the coil itself small 
If a wire (“shunt”) of known low resistance connects the tenmnals (Fig 351) 
a known fraction of the current m the circmt traverses the coil The same 
instrument can then be cahbrated either for use as a voltmeter, when 
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the shunt is removed, or as an ammeter, when it is conneaed to both the 
terminals Galvanometers with a suspended needle are not used nowadays 
by the practical engmeer, because they have to be kept one way up An 
alternative type of mstniment will be described later on 
(u) The charaaenstic which wc have just descnbed is the basis of the 
old needle telegraph used m railway stations So many deflecDons to the 
nght or left in a particular order constituted the letter code, and the trans- 
mission was simply earned out by a switch for reversing the current The 
prmaple of the Morse receiver and the electric bell depends on the fact 
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Fig 349 

Calibrating a galvanometer by the potenaometer method 


that a coil of wire through which a current is fiowmg behaves like a magnet, 
especially if a core of soft iron is placed mside the coil Such an arrangement 
IS called an electromagnet Very strong electromagnets are used for lifting 
steel rails, and, in occupational surgery, for removing steel filings from the 
eye If a coil is wound clockwise away from you with the end of the wire 
connected with the positive terminal nearest to you, the end of the coil 
nearest to you is the south-seeking pole Adopting the usual convention, this 
is the same as saymg that if current flows clockwise away from you the end 
facing you is the south-seekmg pole 

What makes the electromagnet such an important mvention is the fact 
that Its magnetism can be destroyed and recreated at will, and can be made 
greater or less by varymg the strength of the current This is the basis of 
ordinary telephony A telephone system consists essentially of a transmitter 
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and a receiver in series with a generator The transmitter is merely a device 
by which the vibrations set up by the voice m a diaphragm like that of a 
gramophone produce correspondmg fluctuations of the current m a circuit 
The modem transmitter (see Fig 338) does this by the variation of 
resistance through loose contact The receiver is a metal diaphragm placed 
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Fig 350 — GALVAN02VIETER USED AS A VOLTMETEK 
When there is no galvanometer m the circuit shown, the total resistance is 1 -f- ^ 
= b ohms If the cell E M F is 1 5 volts the current is 1 5 — 6 — 0 25 amp The 
effective E M F m the external circuit is therefore 0 25 x 5 — 1 25 volts When the 
galvanometer is connected across the cell termmals, we have two external circuits in 
parallel and the total external resistance R is given by (p 698) 


_i _ 1 _ 201 

R ~ 5 1000 ~ 1000 


R = 4 975 ohms 


So the entire resistance of the circuit is now 1 -f 4 975 — 5 976 ohms Thus the tota 
current in the common circuit is 1 5 — 5 975 = 0 251 amp flowmg through the two 
branches, i e = 0 251 amp If the E M F available for the two external 

branches is E 

5 Cl = E — 1000 Cf 

Ca = 200 

But Cl -h Ca = 0 251 amp 

Ca 0 251 — 201 amps 

Hence the E M F at the galvanometer termmals is 

(0 251 - 201) X 1000 ^ 1 249 volts 

This differs by less tlian one part m a thousand from the E M F available for the 
external circuit before the galvanometer was connected Hence the galvanometer can 
be used to measure voltage available to an external circuit as well as to measure total 
E M F of the cell (see Fig 339), if us internal resistance (i e that of its coil) is very 

high. 
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close to an electromagnet the strength of which varies in umson with the 
current In the metal diaphragm this produces vibrations in unison with 
those set up on the transmitter 

Unlike the ordmary magnet the electromagnet can be used to maintain 
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Fig 351 — Galvanometer used as an Ami^ter 
If the terminals of a galvanometer are connected by a thick wire (“shunt”) of known 
resistance, it can be inserted in a circuit as a current meter without appreciably reducing 
the flow Suppose the voltage of the circuit shown above is 100 The current normally 
flowing in It IS 100 — 50 — 2 amperes If the galvanometer with termmals connected 
by a 0 1 ohm resistance is mtroduced, the total new resistance (R) added is given by 
(seep 098) 

5 = 0+1^='""“* R = 0 09999ohm 

So the total resistance m the circuit is mcreased by less than 0 2 per cent The same 
F M F at the terminals of the galvanometer drives a current Cj through the 0 1 ohm 
connexion and a current through the coil of resistance 1,000 ohms, hence by Ohm’s 
law 

0 1 Cj = E == 1,000 Ci 

If then the galvanometer has been calibrated for a current driven through the coil at 
known E M F , when used as a voltmeter without the connecung wire of 0 1 ohm 
resistance, each scale division will correspond to 10,000 times as many amps when the 
same instrument was used as an ammeter with the 0 1 ohm wire m circuit Used as a 
voltmeter without it, a scale division correspondmg to 1 volt would be equivalent to a 
flow of 0 001 amp through the coil Used as an ammeter short circuited with a 
0 I ohm resistance, a volt division would be equivalent to 10 amps The same mstru- 
ment with a dial cahbrated for volts and amps can be used for either purpose, if the 
low resistance between the termmals can be disconnected by a switch or put mto the 
circuit as required. 
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mouon In the electric bell (Fig 320) a piece of soft iron is mounted on a 
sprmg which brmgs it back mto posiaon when ±e current is switched off, 
and m so domg switches the current on agam Vanous types of electric motors 
work on essentially the same pnnaple The simplest type (commonly sold 
as toys) consists of a soft iron bar (Fig 353) revolving between the north- 
and south-seekmg poles of two electromagnets The axle carries a simple 
switch, which IS a rmg of two metal parts separated by two sections of msula- 
tmg material This revolves m contact with two sprmgs m circuit with the 
electromagnet coils and generator When (A) the sprmgs first touch the metal, 
the circuit is complete, and each end of the bar is attracted to the hve pole 
which It IS approachmg In doing so, (B), it brmgs the msulatmg material 
into contact with the sprmgs, breaks contact, and bemg no longer attracted 
to the now dead poles of the electromagnet rotates a httle further of its own 
mertia This again completes the circmt 
An alternative type is shown in Fig 354 The revolving part carries the 



Fig 352 — The Electromagnet 


coils which arc wound so that when the current is passmg the two ends are 
approaching opposite poles of a strong magnet The axle carries an arrange- 
ment similar to the precedmg The ends of each coil are connected to the 
opposite metal seaors of the rmg Since the same sector comes alternately 
mto contact with the sprmgs conneaed to the positive and negative termmals, 
the direction of the current is reversed at each half turn, and hence the 
polarity of the electiomagnets Smee unlike poles attract each other, the 
direction of wmding is executed so that the electromagnetic arms have the 
opposite polarity to the permanent magnet ends which they are approachmg 
(ui) Electric motors designed like either of the above are not the type 
much used nowadays to work electrified transport, lifts, lathes, pumps, 
vacuum cleaners, refrigerators, electric fans, etc The design of these is 
generally based on the appheauon of a third characteristic of the magnetic 
field m the neighbourhood of a conductor carrymg a current (Fig 355) This 
IS the fact that if a coil or loop conveymg a current is free to move about the 
axis of a magnet it rotates about the latter Seen from above the rotation is 
clockwise if the direction of current through a wire suspended above a 
N-seekmg pole is downward towards the latter A simple experiment which 
shows this property is illustrated m Fig 355 A modem electnc motor consists 
of an armature of coiled wire arranged radially about the axle of the movmg 
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part which is placed between the poles of the permanent magnet (see p 717, 
Fig 354) 

The speed of rotation of a conductor so placed in the field of a magnet is 
directly proportional to the current This fact is made use of m the con- 
strucuon of an electric meter to measuie the number of umts consumed 
in a smgle dwellmg The meter is m essence a motor geared down like a 
cyclometer^ so that a fraction of a turn of the pomter represents an enormous 
number of rotations Smee the speed is proporuonal to the current, the 
number of turns is proporuonal to the product of the time and the current 




Fig 363 — A Simple Electric Motor 


The electrical energy (kilowatt hours) used is proporuonal to the product 
of the tune, current, and E M F Smee the last is fixed at the terminals 
of a house circuit the number of turns is proporuonal to the electrical 
energy consumed If it were pracucable to make a motor with negligible 
resistance, as compared with that of the house circuit when all the lamps, 
etc , are being used, a motor geared down to work a cyclometer dial could 
therefore be used m senes with the house circuit to measure the number 
of kilowatt hours consumed This is not pracucable Smee the meter coils 
have a fairly high resistance, it is conneaed with the circuit like an ammeter 
That IS to say, the terimnals are connected with a low resistance wire, so that 
a known fracUon of the current is tapped through the high resistance of the 
meter coils The minute current drawn off does not appreciably affect the 
consumer’s account. 
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The ammeters and voltmeters of the practismg electrician are sometimes 
based on the fact that a watch-sprmg placed m a magneuc field undergoes 
torsion when a current passes through it This torsion can be used to rotate 
a dial, and the device is portable Exceedmgly sensitive galvanometers of 
either type used in research work depend on the movement of a straight 
wire or coil in a strong magnetic field Very nunute movements which occur 
when a current traverses the wire can be recorded by focussmg a beam of 
hght on a minute piece of silvered glass fixed to it A spot of hght is thus 
projected on a screen, and a shift: is magmfied by moving the screen further 
away Galvanometers of any design can be used as ammeters or voltmeters 




Fig 354 — A Simple Electric Motor 


by the procedure explamed in the legends of Figs 350 and 351, and the 
same methods for cahbratmg the dial are equally apphcable 
Needless to say, the chemical method of measurmg a current employed 
in the earliest researches into electrical phenomena is useless m everyday 
hfe, because it is laborious, lengthy, and unsmtable unless the current is 
very steady Similarly the Wheatstone bridge method for finding resistance 
IS only used for very accurate work In everyday practice the resistance 
between two points in a circmt is taken as the ratio of the voltmeter and 
ammeter readmg The potenuometer method of findmg voltage, like the 
Wheatstone bridge method for resistance, is essenually one for standardizing 
a more convement type of instrument for everyday use 
We have estabhshed the basic pnnciples mvolved in usmg such instru- 
ments by usmg the chemical property of the current as a defimtion of current 
strength This leads to a straightforward demonstration of Ohm’s rule If 
we take the magnetic effect as a basis of measurement, we have to decide at 
the outset on a suitable umt of deflection If we adopted the angle itself we 
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should not arrive at a simple relauon between the contributions which the 
generator and the circuit make to the effects observed Experiment actually 
shows that the current as we have defined it is proportional to the tangent of 
the angle through which the astatic couple of a simple galvanometer is 
deflected, and this is in agreement with the results arrived at by elaborate 
mathematical analysis based on the experimental laws of magnetic attractions 
and the conservation of energy To grasp the principle which underhes the 
use of the magnetic effect it is not necessary to understand the theory of 
magnetic attractions We can mark off a dial suitable for quick and convement 
measurement of current by its magnetic effect, if we have any independent 
method of measurmg a current, just as we might mark off the scale divisions 
of a lever weighmg machme by trymg out the position of the rider and the 
counterpoise equivalent to different weights on the pan 


+ 



Fig 355 — Motion of a Current in a Magnetic Field 

If the positive terminal is connected above and the negative terminal below, the wi e 
rotates clockwise as seen from above 


THE DYNAMO 

Babbage, then Lucasian professor m the Newtonian succession, wrote 
his tract the Decline of Science in England m the year 1830 He was con- 
cerned with the state of the official organs of Enghsh culture In the ensmng 
year the future of electrical technology was revolutionized by a group of 
discovenes made by men who were not products of a well-estabhshed social 
culture They were made mdependently and simultaneously m England by 
Aiichael Faraday and m the Umted States by Joseph Henry The scientific 
careers of both men were made possible by the creauon of new machinery to 
produce, as Sprat said of the early Royal Society, “a contmuous succession 
of mventors ” Faraday followed Davy as head of the Royal Institution, 
founded m London by an Amencan citizen, named Benjamin Thompson, 
to encourage the apphcation of science to mdustrial and domestic economy 
Henry became the first director of the Smithsoman Instituuon, and m that 
capaaty his researches covered a wide range of practical problems, mcludmg 
the mvention of a system of fog signals to protect shipping. Vast private 
fortunes were made as the outcome of their discoveries Both men gave their 

z* 
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advice freely, and subsisted on salaries from which they acctimulated no 
substantial property to leave behind them As head of the Royal Insutuuon, 
Faraday received £100 a year with coal and candles 

Their careers thus illustrate a new feature m the history of capitahsm The 
entrepreneur had ceased to be a man of like stature as Roebuck, Boulton, or 
Wedgwood Henceforth how wealth accumulated becomes more and more a 
tale of how discoveries made by pubhc servants m mstitutions endowed 
in the pubhc interest are diverted by credit monopoly to private gam 

The Smithsonian Insutution m Washington is a forerunner of the large- 
scale public laboratories in which the bulk of modern scientific research is 
conducted It was, as W H Taft put it, the mcubator of Amencan Science, 
and as such its history offers an entertammg footnote to the place of science 
in contemporary civihzauon It was started by a bequest which passed into 
the hands of the American Government m 1837 imder the will of James 
Smithson, bastard son of Sir Hugh Smithson, first duke of Northumberland 
The latter had enlarged his resources by marriage with the Percys, whose 
estates were nch m mmerals He rapidly accumulated a fabulous fortune by 
exploitmg their coal resources with brutal disregard for the health and safety 
of the mmers of both sexes and all ages A century and a half have smce 
elapsed His family still exacts its annual toll from the British consumer 
Ihe latter submits with good humour to the mdirect taxation for private 
use paid out m mining royalties, and only grumbles when there is an mcrease 
of direct taxation for pubhc amemties, such as education 

The natural father of James Smithson spent his fortune in lavish osten- 
tation, which was a by- word at the Court of George III His son, a fnend of 
Cavendish, was elected to the Royal Soaety as a nuneralogical chemist three 
years after Priestley He prospered m matenal thmgs, retamed a healthy and 
proper repugnance toward his father and towards George III, and displayed a 
keen sympathy for the Jacobins and for American democracy Eventually he 
disposed of his fortune m a way which may still be commended to the atten- 
uon of the legitimate branch of his family He socialized his own property by 
giving It to the Government of “the Umted States of America to found at 
Washington an estabhshment for ‘the mcrease and diffusion of knowledge 
among men ’ ” It was his hope, as Crowther tells us m his own words, that his 
name “shall live in the memory of man when the titles of the Northumber- 
lands and Percys are extmct and forgotten ” In this, it may be that he was 
unduly optimisuc The British branch of the family have earned their 
place in the history books for a different reason. They will be remembered 
for their tenacious resistance to the social exploitauon of the nation's mineral 
wealth. 

If the voltaic cell were the only source of current, the use of electricity 
would be restricted to the chemical laboratory and to a few mmor amemties 
of everyday life, such as railway telegraphs or electric bells A new era of 
clecmcity began with the discovery that current can be generated without 
the destruction of material resources by chemical decomposition Chemical 
decomposition by the current itself depends on analogous changes in the 
voltaic cell Any chemical change based on the reaction of electrolytes or 
lonizable substances can be used as a source of current. So hkewise every 
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magnetic effect resultmg from the flow of the electnc current in a conductor 
corresponds to some way of producing current When a current flows through 
a conduaor a magnetic field is set up in its neighbourhood Conversely, 
when the magnenc field in the neighbourhood of a conducting circuit 
IS changmg, a current flows m the latter This is called electromagnetic 
induction 

A Simple experiment illustrates this If we connect the ends of a long piece 
of flexible wire with the termmals of a sensitive galvanometer, and move it 
quickly between opposite poles of two bar magnets, the galvanometer needle 
is deflected one way or the other according to the direction of the movement 



Fig 35G —Induction of Current in Wire moved across a Magnetic Field 


(Fig 356) The rotation of a loop of wire about a fixed axis between the poles 
of a magnet, as m Fig 357, can therefore be used to mamtain a current 
Which is the positive and which is the negative end of the wire is difficult 
to remember without the aid of a rule, hke the mnemonic of Ampere’s 
swimmer on p 705 Imagine the right hand resung on the north pole with 
one finger pointmg to the south pole opposite, the thumb pointed outwards 
at right angles, and the other fingers downwards over the face of the north 
pole The direction of the current (positive to negative) m ±e further 
half of the coil is given by the thumb, if the direction of rotation is indicated 
by the second, third, etc , fingers If the rotation is clockwise from the 
south pole to north above the axle as m Fig 357, and if the ends of the wire 
are at the end of the coil nearest the observer, the positive terminal is 
next to the north pole In the position drawn, cd is the nearer half of the coil, 
and m this position d is the positive termmal After a half-turn ab is the 
nearer half of the coil, and a is the positive termmal Hence if a and d arc 
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connected by flexible wire to a galvanometer the direction of current flowmg 
through It will change at each half turn, and the needle will swing first one 
way and then the other 

If the axle is rotated repeatedly while the ends a and d are connected to 
the terminals of a galvanometer (or any other device which registers the 
presence of a current) with flex, the latter will become more and more twisted 
at each turn To register the current dehvered by a continuously rotatmg 
loop of wire as in Fig 357 the two ends a and d must make movable contact 



Fig 357 — Principle of the Dynamo 
Commutator and brushes for a c (a) and for unidirectional Qf) 


with the conductors leadmg the current away This can be done by connectmg 
them to metal surfaces mounted on msulatmg material like Bakehte, and 
revolving m contact with a smooth sprmg or metal brush 
Such an arrangement may be carried out m two ways — (a) and (6) m 
Fig 357 The two ends (a and d) of the loop may be connected to separate 
metal rmgs so that the same brush or sprmg is always m contact with the 
same end as in (a) If this arrangement is used the current will flow first one 
way, then the other at each complete turn smce a and d are alternately 
negative and positive It is then said to be an alternating current On the 
other hand the two ends a and d may be connected to the two halves of a 
spht ring, as in (6), so that the ends a and d come alternately mto contact with 
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one and the same spring or brush If so one brush or spring is always negative, 
and the other always positive While the current delivered from the brush 
terminals rises and falls, bemg greatest when the loops are cutnng the field 
between the poles at nght angles and least when they move parallel to it 
(at right angles to the position shown in the figure), it flows m one 
direction only 

The strength of the current can be greatly increased if many loops of 
wire revolve simultaneously m the same magnetic field, and if they are wound 
round a soft iron drum (Fig 358) which concentrates the field between the 
poles Such a drum carrymg an enormous number of loops is called an 
“armature,” and a machme in which an armature revolves in a magnetic 
field IS called a magneto or dynamo According to the type of brush contact 



Fig 358 — Diagrammatic View of Armature for D C Dynamo or Motor 

VERY MUCH SIMPLIFIED 


a dynamo gives either an “altematmg” (AC) or a unidirectional current 
If many loops are used (only four are shown in Fig 3 '>8) the brush is practic- 
ally always in contact with the ends of a loop m which the current is maximal 
So the umdirectional current does not appreciably ebb and flow It is a 
direct current (DC) like that of a battery For heating and therefore for 
lighting purposes a direct current has no special advantages over an alter- 
nating one, smee the heatmg effect does not depend on the direction of the 
current 

As a source of power to drive an electric motor an alternating current is 
also equally useful if the motor itself has the right type of contact Since a 
conductor carrymg a current rotates in a magnetic field (p 710) a dynamo can 
be used as a motor if supphed with current of the appropriate kind An A C 
dynamo will reqmre A C , and a D C dynamo will require D C , if used as a 
motor For chemical purposes a D C current is essential, since one termmal 
of the electrolytic cell must always be positive and the other must always be 
neganve Since natural magnets of high power are not very reliable and are 
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troublesome a D C dynamo has a further advantage Some of the current can 
be drawn off to mamtam the field magnets If the latter are electromagnets, 
the small residual magnetism is always sufficient to excite a current when the 
dynamo begins to work This mcreases the magnetic field which rapidly 
assumes its maximum strength The advantages of an A.C dynamo will be 
explained later * 


SOCIAL SIGNIFICANCE OF THE DYNAMO 

1 he first dynamos were driven by heat engmes, because heat was the chief 
source of power at hand when dynamos were invented Used in this way, the 
dynamo is a convement way of distribuung power for hghtmg, transpon, 
etc future generations may think that the least important thmg about the 
dynamo is the fact that it distributes power Its greatest social potentiahaes 
he in the fact that it supersedes the necessity of fuel, and of the human 
labour required to extract fuel from the earth Any contmuous source of 
power like the fiow of water can now be used as an agency for distributing 
electrical power over large areas Countries with large natural waterfalls 
like Niagara took the lead m generatmg electncity by adaptmg the prmciple 
of the watermill to turn the armature at a relatively small miual cost The 
USSR has undertaken gigantic schemes for buildmg dams to make water 
power available, and once the mitial cost has been covered the production 
of electricity mvolves no further apphcauon of human labour to supply 
fresh stores of energy The use of water power gave place to the urban conges- 
uon of the coal age because water power could not be distributed to places 
where it was most needed Now that smgle generating stations can distribute 
1,()00,0(K) horse-power over a radius of 250 miles, it is possible to design the 
distribution of populations m accordance with a high standard of health 
and adequate space for family life The introduction of coal and petrol as 
sources of power entailed a contmuous output of human work to extract 
fuel Hydro-electric power places this output on the credit side of the balance- 
sheet of available leisure The workmg conditions of a coal economy mescap- 
ably entail exposure of the worker to heat and dirt With complete electrifi- 
cation the physical conditions of faaory labour need not be less congemal 
than those of the most up-to-date laboratory The transmission of heat power 
IS limited to the dimensions of a system of shafts, belts, and pulleys Electricity 
makes power available for domestic use, and opens the door to an era of 
mvcnuons winch can make all arduous unskilled labour an anachromsm 

Although an Enghshman, Michael Faraday, and an Amencan, Joseph 
Henry, made the first machmes for generatmg current at about the same 
ume, and though Faraday, more than any other smgle mvestigator, laid the 
foundations of electrical technology, Bntam is now far behmd the Umted 

^ The numerical value assigned as the voltage of an A C circuit is not the maximum 
E M F between the terminals in either “phase” of the current It is equivalent to 
the value of E deduced from the heat production of the circuit and the known resist- 
ance m It by appiymg the formula E* — R = W This is the “effecuve” (geometric 
average) F between the terminals 
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States in electncal development * Wells recalls a visit of Mr Gladstone to 
Faraday, when Gladstone was Chancellor of the Exchequer 

The man of science tned m vain to exp lam some simple piece of apparatus 
to this fine flower of the parliamentary world “But/’ said Mr Gladstone, 
“after all, what good is it?” “Why sir,” said Faraday, doing Ins best to bring 
thmgs home to him, “presently you will be able to tax it ” 

Such was the outlook of those who laid the legal foundattons of the electrical 
age Such is still the outlook of legislators who have served their apprentice- 
ship in Plato’s philosophy 


THE INTTONAL COMBUSTION ENGINE 

Perhaps the successful development of electncal power production owes 
more than anything to the fact that it proved the means of revolutionizing 
the use of heat before supersedmg it In the steam engme fuel is used to 
produce heat, and heat is used to change water mto the gaseous state The 
second law of thermodynamics reminds us that any process which involves 
the conversion of heat mto work is wasteful So it is better to convert the 
stored chemical energy of orgamc matter into work without the intervening 
stage of changmg a liquid mto vapour by heat This can be done by using the 
explosive force of any reaction which entails change of volume Thus when 
petrol vapour is mixed with air the reaction may be represented thus 

C5H12 -f 8O2 SCO, -b 6H,0 

^ f ' y • 

9 mols 1 1 mols 

If the pressure and temperature did not change 9 volumes of explosive 
mixture would be replaced by 11 volumes of the products of the explosion 
Independendy of this change, and more important, is the fact that heat 
liberated m the reaction produces an enormous expansion of the products 
To use this expansion it is first necessary to mduce combination of the ingre- 
dients of the explosive mixture The discovery of electromagnetic mduction 
made it a simple matter to time a rapid succession of sparks to occur at suitable 
intervals m conformity with the movement of a piston This was originally 
done with an mduction coil (see p 722), which was then superseded by a 
small dynamo 

* The following table is given by A H B in the Scientific Worker August 1937 




Installed 

Total Umts 

Mean weight 

Country 

Date 

Capacity 

generated 

of standard 



10« kw 

10® kw 

fuel kg jktffh 

Gt Britain (1) 

March 31, 

7 80 

18,416 

0 694 

1936 


• 


U S A (2) 

Dec 31, 

35 80 

98,870 

0 676 

1936 

Dec 31, 

6 88 

25,900 

0 644 

USSR (3) 

1925 



USSR 

1937 plan 

10 90 

38,000 

0 640 


“The electrification of pre-revolutionary Russia was negligible, about 11 X W kw 
of installed plant, and during the years of the Civil War this was subjected to severe 
depreciation so that the electrical industry was in a very bad state at the beginning 
of the penod of reconstruction ” 
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Internal combustion became a practicable source of power as the result 
of experiments m 1862 ^ when de Rochas showed that the igmtion temperature 
of an explosive mixture is greatly lowered by previous compression The way 
m which an mternal combustion engme works is briefly as follows The cylmder 
which contains the piston is eqmpped with sparkmg points, and with valves 
to admit the explosive mixture and to let out the products The mam shaft 
works a small dynamo (“magneto”) and a rotatmg switch (“distributor”), so 
that the spark exacdy synchromzes with the appropriate position of the piston, 
and the movements of the latter are geared to the valves which open and close 
successively m umson with the successive phases of the piston movement 
A flywheel of high mertia ensures that the piston flies forwards and backwards 
twice at each explosion, so that the explosive mixture is compressed at the 
moment when sparking takes place The valve letting out the products of 
combustion opens at the end of the outward thrust due to explosion and closes 
at the end of the inward movement At the next outward movement the valve 
admittmg explosive mixture is sucked m, as the mixture is compressed by the 
return stroke just before the end of which the spark is dehvered 

The explosive mixture may be a mixture of air with very fine coal dust, 
coal gas, or combustible organic vapour If the engme is not runnmg for long 
periods a highly volatile substance like petrol is preferable, because it evaporates 
readily at low temperatures if sprayed through a fine jet (carburettor), but an 
engme develops sufficient heat alter runnmg a little while to vaporize any 
liquid compound Paraffin and comparatively heavy oils, as m the Diesel 
type, can be used for stationary engmes or ships The use of alcohol as fuel 
for the mternal combusaon engme has recendy been made the subject of 
successful experiment The production of power, hitherto dependent on local 
resources of coal, petrol, or shale, has now reached a stage when self-sufficiency 
is already m sight A rationally organized society might use the dry distillation 
products of all the weeds and waste paper which are now burned as a substantial 
conservation of its power resources Thus the mternal combustion engme 
IS not permanendy dependent on localized supplies of coal or petrol 


ELECTROMAGNETIC INDUCTION 

The problem of transmitting electric power, when we have harnessed 
available natural resources for generatmg it, raises several techmeal problems, 
which will be more easily grasped when we have looked at other aspeas of 
“electromagnetic induction ” In the dynamo, current is produced when a 
conductor is moved across the field of a magnet The production of a current 
in this way (Fig 357) is only one of three examples of the general rule that 
current flows in a circuit when a magnetic field at right angles to it is changmg 
Current also flows in a coil wound round a magnet when a piece of iron is 
moved about in the neighbourhood of the poles This is the principle of 
the original telephone la which the transmitter was identicd with the 
receiver, the latter bemg essenually like the receiver (Fig 338) m a modem 
telephone Each vibration of a steel diaphragm lymg above the pole of a bar 
magnet will induce a minute current m a coil wound rotmd the latter If the 
coil is in series with an identical instrument used as a receiver, each vananon 
of current will produce a change m the field of the magnet in the latter, so 
that the attractive force on the diaphragm varies in unison 

A third and more important illustration of electromagnetic mduction does 
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not depend on the use of a permanent magnet Near a conductor caiiying a 
current ±ere is a magnetic field at right angles to the axis of the conductor 
When the current is switched on or off there is therefore a change in the 
magnetic field around it If another conductor whose ends are connected 
with a galvanometer is placed alongside of it, as in Fig 359, the effect of 
breakmg or making the “primary current” is equivalent to moving the second 
conductor across a magnetic field So the galvanometer needle is deflected 
in opposite directions when the primary current is switched on and off 




Above, current producing magnetic field when the key is closed Below, arrange- 
ment to show induced current in neighbourmg curcuit when the magneuc field is made 
or broken by closing the key 

It registers no deflection when the current is steadily flowmg m the primary 
circuit. The secondary current is only produced momentarily at the make 
and break It flows one way at the “m^e” and one way at the “break ” 
When the current is switched on in the primary cucuit a current flows 
momentarily m a parallel secondary circmt m the reverse direction When the 
primary current is cut off, the current flows in the secondary in the same 
direction as the previous flow of current in the primary arcuit If the second- 
ary and primary circmts are straight wires the effect is greatest when they 
he parallel, and if one is turned so that it is at right angles to the other no 
secondary current flows So if a wire with two ends connected to a galvano- 
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meter runs the length of a ship, and a cable on the sea bottom ts transnuttmg 
an intermittent current the deflection of the pointer is greatest when the 
ship IS runnmg exactly over the cable This device is now xeplacmg the pilot 
boat to guide ships into port or dock 

The phenomenon of electromagnetic induction can be made more striking 
if ±e primary and secondary arcuits are coils wound coaxially around a 
soft iron core of circular section The voltage registered at each kick of 
the galvanometer is then dependent on the number of turns m the two 
circmts If the number of turns m the secondary coil is very much greater 
than the number of turns m the primary a very high voltage is attained at 


5paj’fe 



Fig 300 

Induction coil with condenser m par'iUel across the spark gap SH m the['pnmar\ 
circuit connected to the battery 


the break Since, however, this means that the length of wire traversed is 
greater, the resfetance of the secondary circuit is proportionately mcreased, 
and the secondary current is proportionately diminished If tlie primary circuit 
IS fitted with a vibratmg switch like the sprmg of an electric bell or Morse 
receiver (Fig 319) a rapid and regular succession of “make” and “break” 
m a primary circuit of low E M F can be made to mduce an altematmg 
current of high E M F m the secondary arcuit This is the pnnaple of 
the mduction coil devised by Faraday (Fig 360) When fii-st mvent^ the 
induction coil was sold to medical pracunoners for the supposedly benefiaal 
effect of the unpleasant tmglmg shocks obtamed by holdmg two metal 
cylinders attached to the ends of the secondary coil To-day the underlying 
prmciple is the basis of the “transformer” m high voltage transmission 
The mstrument itself is an essenual part of X-ray and wireless equipment 
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TRANSMISSION OF ELECTRIC POWER 

A simple mduction coil may be adapted to get a higher or lower voltage 
without greatly reduemg the power (W EC) transmitted If die secondary 
circuit of a simple induction coil has a smaller number of turns than the 
primary circuit, the mduced current at the make or break has a smaller voltage. 
If it has a larger number of turns the voltage at the temunals of the secondary 
circuit will be greater than the voltage apphed to the primary aremt The 
current is proportionately mcreased or decreased by dinumshmg or addmg 
to the number of turns If the current m the primary cixcmt is itself an 
altematmg current, the primary current ebbs and flows of its own account 



Transformer formed by iwo coils wound round a soft iron core The upper cod has 
twice as many turns is the lower To double the E M h (and halve the current) att-^^h 
the lower cod to the supply (“step up”) To halve the E M F (and double the current) 
attach the upper cod to the supply (“step down”) The two cods aie heze shown m a 
simplified way to expose the ratio of the wmding In practice both would be wound 
all the way round the ring, and U)0 per cent ctlicicncy would not be possible unless 
the secondary completely enclosed the primdiry, so that all the Imes of forc< from the 
latter cut tlie former 


So there is no need to have a contact breaker Two cods placed side by side 
may therefore be used as a “transformer” (Fig 361) to “step up” or to “step 
down ”* The efficiency or ratio of power put in to power got out of a trans- 
former may be as much as 95 per cent 

In distnbutmg electrical power from situations where it is convenient to 
produce it, a foremost consideration is to economize in the use of wire At 
an early stage in the history of telegraphy it was discovered that the earth 
can be used as one cable if plates connected to temunals are sunk deep m 
it So, if one termmal of a generator and one termmal of any mstrument 
usmg current are both earthed^ it is only necessary to connect one terminal 
of the generator to one termmal of the instrument The problem is then 

* The resistance of a transformer is very small compared witli that ol the external 
circuit 
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to keep the thickness of metal m the smgle cable as small as possible If ±e 
voltage IS very high the latter must be held high above groimd to prevent 
sparking to earth 

Since electrical power (W) is the product of the voltage and current, the 
same amount of power can be transmitted by usmg a high voltage and low 
current, or a low voltage and large current. Thus the transmission of 10 
kilowatts (10,000 watts) may mean that a current of 10 amps is drawn through 
the circuit by a generator of 1,000 volts, a current of 100 amps by a generator 
of 100 volts, or a current of 2 amps by a generator of 5,000 volts, etc A 
current of 100 amps passed along a thm wire would heat it considerably 
So high current transmission means greater expenditure on metal for cables 

You can look on the problem of circuit cost in another way Smce W = EC 
and C = E — R, in any circuit 

W = £2 ~ R 

Hence if the power production of a circuit is to be fixed at a defimte figure 
by the work the generator has to do 

E^ocR 

If the length of the circmt is fixed by the distance over which the power 
IS to be transmitted, the resistance only depends on the sectional area (a) 
being inversely proportional to it, hence 

E* oc - 
a 

And since the cost {£) is proportional to the sectional area, 

*. £2 

Thus the cost of cable is inversely proportional to the square of the E M F , 
e g the cost for transmittmg the same power from a generator of 100 volts 
IS one hundred times as great as the cost of transmitting it from a generator 
of 1,000 volts 

Although the dc dynamo is in many otlier respects more useful than 
the a c , it has one practical disadvantage A voltage greater than about 500 
IS very difficult to maintam owmg to sparkmg across the sections of the 
commutator {b m Fig 357) The ends of the loops in the armature of an 
a c dynamo are much more readily msulated (as m Fig 357, a), and voltages 
of 10,000 are comparatively easily maintamed For this reason the a c 
dynamo is used as the primary source for generatmg power The voltage 
IS usually raised to a higher level by a step-up transformer and transmitted 
at very high voltage (e g 50,000 volts) to substations where it may be reduced 
by step-down transformers to work an a c motor for drivmg d c dynamos 
This entails very little loss of energy by friction Domestic circmts may 
have their own step-down transformers when supphed with a c Smce one 
terminal of the generator and substation is earthed bare cables all carrymg 
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current in the same direction are used for high power transmission m the 
*‘grid system The cables are carried on well-insulated towers well above 
the earth to prevent sparking to earth No sparking can occur between 
separated wires smce they are not carrying current in opposite direction 
This reduces the cost of insulating material 
The a c dynamos at Niagara generate from 20^000 to 21,000 volts This is 
transformed at the source up to 50,000 or 100,000 volts for transmission across 
country, e g as far as Montreal The London Transport system is supplied 
by the Chelsea Power Station with about 50,000 kilowatts produced by ten 



(230 vofe) 

Fig 362 

Simple diagram to show step down m successive stages from the generating station 

to the house circuit 

Steam turbine-dnven alternators at a voltage of 11,000 This is distributed 
to substations, where it is used to drive motors workmg d c dynamos which 
supply current for the trains themselves with 600 volts The giant hydro- 
electnc works set up by the Soviet Government at the Dmeprostroi dam are 
designed to produce an eventual output of over half a million kilowatts 

THE MEANING OF SELF-INDUCTION 

So far, the phenomena of current and fricuonal electncity have been 
kept apart Reasons for regardmg them as essentially identical have been 
given on page 658 There it was suggested that the battery current and the 
frictional machine spark differ only m one essential feature Battery current 
is a steady output of energy at low voltage The sparks and shocks of electrical 
machmes are momentary discharges at very ^gh voltages The induced 




726 Science for the Citizen 

currents produced by an a c dynamo or an mduction coil provided with an 
automatic current breaker are essentially successive currents of very short 
duration mvolvmg very high voltages If the view stated is correct we should 
therefore expect to find that alternating and mtermittent currents produced 
by electromagnetic mduction behave like the discharge from a frictional 
machme That this is so is a fact which has results of enormous unportance 
m everyday life 

A condenser can be used to increase the bnghtness of the spark, the 
mterval between successive sparks and the length of spark obtainable from 
a frictional machine A condenser connected across the contact breaker m 
the primary circmt of an mduction cod (Fig 360) has exactly the same 
effect as a condenser connected with the two knobs of a frictional machme 
Perhaps no fact bnngs out the identity of frictional and current electncity 
in a more stnkmg way If there is no condenser across the contact breaker 
in the primary circuit there is perpetual sparkmg each time the current is 
broken Smce a spark mvolves the passage of a current, this delays the rate 
at which the current ebbs and hence the rate at which the magnetic field 
varies Consequently the voltage mduced at the break is less than it would 
be if no spark occurred If there is a condenser of suffiaent “capacity” 
across the contact breaker sparkmg is almost entirely prevented when the 
current is broken The E M F which would momentanly break down the 
resistance at the airgap charges the condenser instead 

At the make the condenser discharges across the contact, and so opposes 
the flow of current Hence the current grows more slowly, and dies down 
more abruptly if the condenser is used The net effect is that the mduced 
current at the make is very minute compared with the mduced current at 
the break So the current produced by an mduction coil with a large 
condenser in the primary circmt is not an altematmg current It is an 
mtenmttent current in one direction only Large mduction coils made with 
a secondary wmdmg of several miles m length deliver enormous voltages 
They can produce sparks several feet long 

The precedmg remarks imply that a current takes a measurable though 
mmute penod of time to grow to full strength This can be proved in vanous 
ways In the laboratory the simplest way is to prove it mdirectly The 
maximum voltage reached m each phase of an altematmg or mtermittent 
current can be determmed with a voltmeter of very low mertia If the wire 
in the cncmt connectmg the generator to the voltmeter is wound mto a 
coil the maximum voltage is dimmished The mere fact of wmdmg the wire 
mto a coil does not mcrease its resistance The only alternative explanation 
which experiment suggests is that the settmg up of a current m any one 
turn mduces the flow of a current m the opposite direction m neighbourmg 
ones, so that the current does not reach its full strength as quickly as it 
otherwise would This is supported by the fact that the maximum voltage 
is further dimmished if a soft iron core is mserted mside the coil A piece 
of flex with several parallel strands will exhibit the same phenomenon It 
will act as a “choke,” steadymg the ebb and flow of a rapidly c hang ing 
current as compared with the flow of current from the same generator 
through a straight piece of wire of the same resistance. Thus the rate at 
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which a current assumes its full strength when contact is made, or the rate 
at which a current falls to zero when contact is broken, depends on “self- 
mducuon” of opposmg currents m the same circuit 
There is also another sort of electrical mertia or damping of the current 
The maximum voltage m either phase of the alternating current can be 
depressed by puttmg a condenser in parallel between the temunals of 
the generator A very long wire surrounded by an insulator is physically 
equivalent to a condenser, of which the other plate is the earth itself Thus 
a cable can damp a current by its capacity (p 044) to store electrification 
One reason why science can only thnve m a commumty which applies 
its conclusions to the regulation of social conduct that mdustry provides 
the opportumty of testmg theory on a vaster scale than laboratory expen- 

A' B 



Fig 363 — Inertia due to Self-Induction 
A Leyden jar is discharged by bringing the knob B connected to the outer coat near the 
knob A of the inner coat It the wire connexion is bent in a loop as shown, a spark 
may occur across G, in spite of the enormous resistance of the air as compared with the 
wire loop The discharge is so rapid that the delay m conduction due to self-mductance 
chokes off the current in the loop 


ment permits. Alexander Ure’s comment upon the expansion of metal pipes 
in a cotton mill has already shown us how an mdustrial process can provide 
spectacular demonstration of phenomena which can only be detected with 
careful measurement m the laboratory “On this scale, the amount of the 
expansion and contraction needs no micrometer to measure it, for it is 
visible to the eye, and may be determined by a carpenter’s rule ” An analogous 
remark apphes to the phenomenon of electrical inertia What is elusive in 
the laboratory and can only be inferred from mdirect evidence assumed 
formidable dimensions when ±e first long-distance cables were laid down 
The effea was to stunulate a new field of theoretical enquiry, the immense 
pracacal consequences of which may be gauged from the fact that Thomson 
(afterwards Lord Kelvm) left a fortune of £161,923 from his patents The 
story of the cable is well told by Crowther, from whose essay on Kelvin 
{British Scientists of the Nineteenth Century) the followmg is extracted 

“A cable consists of two conductors, a wire and the sea, separated by an 
msulator, gutta-percha Elcctncally, it behaves like a condenser, or Leyden 
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jar, or the system of two conductmg spheres separated by an msulator which 
Faraday mvestigated, and with which he proved that a certam period of time 
must pass before the msulator absorbs a complete charge of electrical energy 
The phenomenon of retardauon of signals, owmg to the prelimmary fillmg-up 
of the gutta-percha with electrical energy, first became practically nouceable 
in the Anglo-Dutch cable, which was 110 miles long In his first paper, On 
the Theory of the Electric Telegraphy Thomson elucidated one of the most 
important properties of long cables, a knowledge of which is essential to success- 
ful operation He showed that if a sharp electrical impulse is given to one end 
of a long cable, only a small part of its energy reaches tlie other end almost 
instantaneously The impulse gradually spreads out mto a wave whose begm- 
mng reaches the other end very quickly, but whose crest arrives only after a 
leisurely and almost impercepuble nsmg, and then fades away The observer 
at the receiving end sees only a gentle rise and fall, without the defimnon 
necessary for signalling Thomson showed that the magmtude of this 
phenomenon depended on tlie combmed value of the electrical capacity and 
resistance of the cable As each of these was directly proportional to the length, 
the effect mcreased as the square of the length of a cable If the retardation in a 
cable one hundred miles long were one-tenth of a second, then that in two 
thousand miles of the same sort of cable would be four hundred times as 
great, or forty seconds Any system of signalling that depended on the observa- 
tion of the crest of a wave could at the best send only one sign m forty seconds As 
a smgle letter had to be represented by perhaps two or three signs, the delay 
destroyed the practical value of the cable The proprietors could not earn 
profits if the transmission of one telegram was to occupy the cable for the whole 
of one day Evidently the retardation could be reduced by reducmg the resist- 
ance and the capacity, by mcreasmg the thickness and purity of the copper 
wire, and mcreasmg the thickness of the gutta-percha msulatmg material 
In 1856 the promoters of the Atlantic cable enterprise decided they were ready 
to start construcuon J Brett, Charles Bright, Cyrus Field, and O E W 
Whitehouse formed a company with a capital of £350,000 The directors were 
elected by the vote of shareholders, and were to receive no remuneration unul 
the shareholders had been paid a dividend of 10 per cent The Scottish share- 
holders nommated Thomson as a director The successful completion of 
the cable was celebrated with enthusiasm throughout Britam and America 
Immense pubhc expectation had been aroused by the achievement But the 
expectation was rapidly disappomted the Queen’s cablegram of mnety-nme 
words had reqmred sixteen and a half hours for transmission from Ireland to 
America Whitehouse was suspended, and Thomson was put m charge ” 

The large scale of this enterprise stimulated the growth of electrical theory 
in two ways One is desenbed by Crowther m the foUowmg remarks 

“He brought his students mto a general mvestigation of specimens of commer- 
cial copper, and found that their conductivity varied enormously, and that 
a small percentage of impurity could reduce conductivity by 30 or 40 per 
cent The cable was bemg manufactured m twelve hundred pieces, each two 
miles long, and the conductivity of the copper cores of the pieces varied enor- 
mously Thomson’s mvestigation of cable copper had several very important 
consequences It led to the foundation of the first mdustrial laboratory for 
testmg materials, and to the study of methods and umts of measurement 
When Thomson by determmed opposition managed to have a clause specifymg 
the conductivity of copper put mto future cable contracts, the contractors at 
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first said its fulfilment was impossible Thomson’s work had great influence 
on the standardization of engineermg material s^ and on practical measurement, 
and thus became an important prehmmary to the mdus trial method of mass- 
production, which can be apphed only to uniform raw materials ” 

Crowther also refers to the cultural impact of telegraphic development in 
the ensumg passages 

“The establishment of the Cavendish Laboratory at Cambridge m 1874 
was in part stimulated by Thomson’s achievements at Glasgow Until the 
middle of the nineteenth century university science teaching m Britain had 
not been orientated m directions of mterest to the industrialists who had gamed 
the leadership of British society Before that date university science teaching 
had been mspired by the mercanuhsts of an earher period of British social 
development Under their influence astronomy was the branch of physical 
science with the highest prestige, because safe navigation was dependent on 
a knowledge of astronomy, and successful sea-trading was dependent on safe 
navigation The prestige of physics m British umversities did not surpass the 
prestige of astronomy until the importance of mdustrialism surpassed the 
importance of mercantilism The manufacture of machmery, of steam engines, 
and later of electrical machines made an exact knowledge of the proper ues of 
matter necessary to social progress Thomson was fond of the term ‘properties 
of matter ’ His mterest reflected, m a degree, the mterests of the mdustrialist’s 
specialist, the engineers He was the chief mstrument by which the scientific 
studies of the Briush umversities were reformed to meet the needs of a new 
govermng class In the early part of the nmeteenth century a vast number 
of new and strange natural phenomena had been observed, and began to require 
mathematical description The new and at first ill-defined and often apparently 
mdependent facts required very concrete methods of treatment Their raw, 
uncouth nature tended to wreck the symmetry of general equations They 
could be seized best by short, umformly clear descriptions of each isolated 
phenomenon Thomson’s style of short terse papers was suited to their treat- 
ment Thomson and his friend Tait, who had been appomted professor of 
natural philosophy at Edmburgh, decided to write a Treatise on Natural 
Philosophyy which would expound the mathematical physics smtable to the 
contemporary demand They expounded the science of mechanics, uncon- 
sciously, from the standpoint of an ideal engmeer who was a master of mathe- 
matical physics Maxwell wrote ‘The credit of breakmg up the monopoly 
of die great masters of the spell, and makmg all their charms familiar in our 
ears as household words, belongs in great measure to Thomson and Tait ’ 
Thomson and Tait accomplished, on behalf of the educated leaders of the 
industrial bourgeoisie, tlie conquest and assimilation of the mathematico- 
physical culture of the mercantilist class The mfluence of the result of this 
class-struggle in one of the most elevated regions of human endeavour spread 
down mto the teachmg of elementary mathematics Thomson’s pupils, Ayrton 
and Perry, led the movement for the teachmg of ‘practical mathematics ’ 
They explamed that the new class of techmcian, brought mto existence by 
machine mdustry, wanted a knowledge of mathematics which would be of 
practical use to him in his job They contended that these men should be 
taught the sort ot mathematics which they would find useful Mathematics 
was taught at the grammar schools and universities as if it were to be the 
cultural accomphshment of certam members of a leisured class, and not a 
techmeal equipment which would enable its possessors to earn a living Ayrton 
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and Perry desired, more or less consciously, to conquer elementary mathematics 
for the large class of the skilled workmen and technicians Silvanus P Thompson, 
the biographer of Thomson, was a leader in the same movement, and wrote 
the famous book, Calculus Made Easy, which was an attempt to wrest the 
exclusive knowledge ot the calculus from the classes educated in grammar 
schools and umversities, and place it at the service of the class of skilled 
workmen and techmcians 


EXAMPLES ON CHAPTER XIV 

1 A cell of E M F 2 volts and mtemal resistance 0 5 ohm sends a current 
through a wire of 1 1 5 ohms Find the current 

2 The terminals of a battery of E M F 4 volts and mtemal resistance 3 
ohms are connected through a wire of 9 ohms resistance Fmd the potenual 
difference between the termmals 

3 The E M F of a battery is 12 volts on an open and 10 on a closed circmt 
with a current of 6 amperes flowmg Fmd the mtemal resistance of the cell 

4 Two cells, each of mtemal resistance 3 ohms and 1-1 volt E M F are 
connected (a) in senes, (b) m parallel with a resistance of 9 5 ohmo Fmd the 
current strength in each case 

5 Ten cells, each ot mtemal resistance 3 ohms and E M F 2 volts, are 
connected (a) m one senes, (i) m two parallel senes of 5 cells through a resistance 
of 20 ohms Fmd the strength of the current m each case 

6 A battery m open circmt gives with the electrometer a potential difference 
of 4 volts between the termmals When jomed with a resistance of 10 ohms 
the E M F is 3 6 Fmd the internal resistance of the cell and the current 

7 Twelve cells of E M F 1 1 volt and mtemal resistance 3 ohms m series 
are connected through a resistance of 240 ohms What will be the effect on 
the current, if we reverse the poles of three cells? 

8 Six cells are connected m senes with a coil and galvanometer The mtemal 
resistance of the battery is 10 ohms, of the coil is 50 ohms, and of the galvano- 
meter is 20 ohms If there is a difference of potenaal at the galvanometer 
termmals of 2 volts, what is the E M F of each cell? 

9 If a pair of torch lamp bulbs are marked 2 6 volts^ 0 3 amp , and 3 5 
volts, 0 5 amp respectively, what are their mtemal resistances? 

10 How many Grove cells of 1 8 volts and mtemal resistance 0 07 ohm 
each are required to send a current of 10 amps through a filament of 2 ohms 
when connected m senes? 

11 Calculate the length of a coil of resistance wire of uniform cahbre if 
the total resistance is 53 ohms, and a piece 1 2 metres long has a resistance 
of 0 5 ohm 

12 If the specific resistance of platmum is 0 000011, and of copper 
0 00000183, what is the resistance of a cylmdrical piece of 

(a) platmum wire 0 5 mm diameter, 328 cm long, 

(b) copper wire 0 42 mm diameter, 1,000 cm long 

13 If the resistance of a man’s body is found to be 7,500 ohms when the 
fingers of the two hands grasp opposite termmals, what current will flow 
through him when he grasps both poles of a battery of 30 Daniell cells m senes, 
each of E M F 1 1 volts and mtemal resistance 0 3 ohm? 

14 The positive pole of a battery A is connected to earth through two 
resistances AB, 5 ohms, and BC, 10 ohms The potenual dilferencc between 
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the earth and positive pole being 1*48 volts, what current flows through the 
resistances when the negative pole is also earthed, and what is the E M F 
between B and C? 

16 If a wire could be stretched till its length was doubled, what would be 
the ratio of its resistance before and after stretching? 

16 If three 2- volt accumulators of mtemal resistance 0 1 ohm are con- 
nected m senes with a silver voltameter of neghgible resistance through a 
resistance of 6 ohms, find (a) the current, {h) the amount of silver deposited 
on the kathode m half an hour, (c) the E M F. between the terminals of each 
accumulator while the current is flowmg 

17 Two 1 1 volt cells of mternal resistance 2 ohms each arc arranged {a) m 
parallel, (Jb) in senes with a wire of 1 ohm resistance Calculate the current m 
the latter m each case 

18 Durmg use the voltage falls and the mternal resistance of a field tele- 
phone battery rises If a new cell has an E M F of 1 6 volts and mtemal 
resistance 0 3 ohm, and an old out has an E M F of 1 2 volts, find {a) what 
current a new one can drive through a 6 ohm resistance, {b) the mternal resist- 
ance of the old one m senes with a 5 ohm resistance if the ammeter reads 0 1 
amp 

19 If the resistance of a 100 metre coil of copper wire of diameter 0 669 mm 
IS 6 63 ohms at 0^ C , calculate the specific resistance of copper 

20 If four 1 6 volt dry cells of mternal resistance 0 5 ohm each are m 
series with a torch bulb of resistance 4 ohms, what is the current flowmg 
through the bulb and the E M F at the terminals? 

21 The resistance of the coil of a galvanometer is 108 ohms If the termmals 
are connected by a 12 ohm wire, what fraction of the whole current will traverse 
the coil when the termmals are mcluded m a circuit? 

22 If the positive termmal A of a Grove cell of 1 8 volts and 0 2 ohm 
mternal resistance is joined by a wire of 0 3 ohm resistance to the positive 
termmal B of a Darnell cell of 1 1 volts and mtemal resistance of 0 4 ohm, 
and their negative terminals (C and D) are jomed by a wire of 0 5 ohm 
resistance, how many volts would a voltmeter record, if its termmals w' re 
connected half-way along AB and half-way along CD respectively? 

23 If a carbon filament lamp takes 0 22 amp from a 250 volt house circuit, 
what IS the resistance of the hot filament? 

24 A telegraph Ime and its mstruments have a net resistance of 2,000 ohms, 
and require a workmg current of 0 025 amp (25 milhamps ) If worked by 
a battery of cells, each of 1 07 volts and mtemal resistance 8 ohms, how many 
cells will be necessary? 

26 Tliree cells of voltage 1 2, 1 6, and 1 0, with internal resistances 1, 
0 5, and 1 76 ohms respectively, are connected 

(a) m series with two parallel external resistances of 6 and 26 ohms 
(Jb) m senes with the same pair of external resistances also arranged 
m senes 

Fmd the current m each resistance m each case 

26 Three cells A, 1 07 volts 4 ohms mternal resistance, B, 1 6 volts 0 4 
ohm mtemal resistance, and C, 2 0 volts 0 3 ohm mtemal resistance are 
connected m senes with a wire of 83 ohms resistance The connexions of C 
are then reversed Fmd the current m the circuit m each case 

27 If m the precedmg example A and B are connected m parallel to form 
a battery connected, m senes with C> to the same wire, find the current m the 
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latter, and also find what it would be if A and B were alone connected in 
parallel with an external resistance of 50 ohms 

28 An overhead cyhndrical telephone wire of bronze has a specific resistance 
of 1 37 microhms If the diameter of the wire is 0 122 cm , what is the resistance 
in one mile of the wire? A microhm is 10~® ohm 

20 Using tlie Wheatstone bridge, an unknown resistance is measured 
against a 5-olim resistance coil Find the unknown resistance if there is no 
galvanometer deflection when contact is made at 28 9 cm along the metre wire 

30 A current from a battery is allowed to pass for 50 mmutes through a 
variable resistance (as in Fig 340), an ammeter and a voltameter, which has 
copper electrodes m a solution of copper sulphate The current was kept 
constant by the variable resistance The readmg of the ammeter was 1 44 amps 
and 1 482 grams of copper were deposited on the kathode Fmd the current 
in the circuit if the electrochemical equivalent of copper is 0 0003294 gm per 
see per amp , and calculate the error in the readmg of the ammeter 

31 In measuring the E M F of a cell of mternal resistance about 1 ohm, 
a voltmeter wluch has a resistance of 2,000 ohms is used If the current through 
the voltmeter is neglected, find the percentage error mvolved 

32 The resistance of a galvanometer coil is one-third of an ohm The current 
registered by it when connected with a cell is halved if a wire of 0 1 ohm 
resistance is placed across its termmals Find the mternal resistance of the cell 

33 Usmg the Wheatstone bridge an unknown resistance is measured 
agamst 

(a) a 5 ohm resistance so that balance is obtained when contact is 
made at 39 7 cm 

{b) a 10 ohm resistance so that balance is ob tamed when contact is 
made at 24 7 cm 

Determme the value of the unknown resistance 

34 If the specific resistance of copper is 1 77 microhms at 0" C , what is 
the resistance m a mile of copper wire of diameter 0 325 cm ? Calculate what 
the resistance will be when the temperature is 77*^ F (Temperature coefficient 
ot resistance of copper == 0 00428 per degree Centigrade ) 

36 If the resistance of a galvanometer coil is 20 ohms, what resistance 
must be shunted between its termmals to reduce the current absorbed by it 
to 1 per cent of the total current m the circuit? Fmd also how the current m 
tlie rest ot the circuit is affected if its resistance is 20 ohms (excluding the 
shunt), and what further resistance must be put in the mam circuit to keep 
tlie current unaltered 

36 When a flashlight battery is run for 20 mmutes through a wire of resist- 
ance 8 85 ohms, tlic current is found to fall from 0 42 amp to 0 27 amp , 
and the E M F as measured on a voltmeter is found to fall from 4 35 volts 
to 3 0 volts What are the imtial and final values for the mternal resistance of 
the cell? 

37 Across the terminals of a galvanometer of 250 olim resistance a wire 
of 25 olims resistance is inserted A cell of 1 5 volts and no appreciable mternal 
resistance is put m senes with it through a 1,000 ohm resistance If the deflec- 
tion IS 200 scale divisions, find how many amps correspond to one scale division 

38 Fmd the length of time it takes for a current of half an ampere to deposit 
1 gram of silver from a silver nitrate solution 

39 The tangent galvanometer is used for measurmg electric currents by 
means of the magnetic effects of the current in a coil of wire on a compass 
needle placed at the centre of the coil 
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A constant current passed through the coil of a tangent galvanometer causes 
a deflection of 35°, and when the same current is passed for half an hour tlirough 
a copper voltameter contammg copper sulphate 1 112 grams of copper are 
deposited Fmd the reduction factor of the galvanometer, i e the number by 
which the tangent of the deflection must be multiplied to brmg the current to 
amperes 

40 A battery is connected m series with a resistance box and an ammeter 
When the resistances of 100, 200, 300, and 400 ohms are unplugged m the 
box, the ammeter gives readmgs of 99 0, 65 0, 48 3, and 38 6 divisions 
respectively Determme approximately what other resistance there is m the 
circuit 

41 If an ammeter, which reads milh-amps , has a range of 0 to 15 milh-amps 
and a resistance of 6 ohms, find the senes resistance required so that it can 
be used as a voltmeter with a range of (a) 0 to 75 volts, (i>) 0 to 150 volts 

42 Calculate the cost per hour, if the Board of Trade umt costs Cd , to 
illummate a room 

(a) by four 16-candle-power carbon lamps requirmg 3J watts per 
candle, 

(fc) by two 40- watt metal filament lamps, each givmg about 32 candles, 
(c) by one 60- watt gas-filled lamp of about 100 candles 

43 A brass vessel of specific heat 0 09 weighs 66 § grams, and contains 
60 grams of water at 20° C A current of 4 amps is passed through with a coil 
of 3 ohms resistance immersed m the water Use the value for the electrical 
equivalent of heat given on page 695 to find the temperature at the end of 
five mmutes 

44 If 66 grams of water at 16° C are heated m the same vessel with a heating 
umt of 2 6 ohm resistance connected to a 1 25 volt cell of negligible resistance, 
what will be the temperature after ten mmutes ? 

46 How long would it take to boil 1 litre of water at 16° C with a heatmg 
unit of 25 ohms and an E M F of 200 volts if tlie initial temperature was 15° C ^ 

46 What is the current passing through the filament of an electric lamp 
marked 40 W 230 V , and what is the cost to use this lamp for an hour if the 
price of the Board of Trade unit is 6|d ? 

47 What is the resistance of a 40 W 250 V lamp> 

48 A lamp of resistance 4 ohms is lit by four Leclanchd cells connected 
in series Each cell has an E M F of 1 5 volts and internal resistance of 0 5 ohm 
Find (a) the current through the lamp, (6) the potential difference at its ter- 
mmals, (c) how many watts the lamp reqmres (1 watt = 1 volt x 1 ampere ) 

49 From the above example, find what will be the cost of the zinc dissolved 
in the four Leclanchc cells if the lamp is run for one hour, and if the cost of 
battery zmes is about two shillmgs per poimd (1 lb — 453 6 grams Electro- 
chemical equivalent of zinc = 0 000343 ) 

60 If a tungsten-filament vacuum lamp of 52 candle-power takes a current 
of 0 27 ampere when the voltage is 232 8 volts, find (a) the resistance of the 
hot filament, (b) how many watts the lamp consumes, (c) its efficiency m candle- 
power per watt, and (d) how much it costs to use the lamp for one hour if 
the charge is 6d per unit 

51 The temperature of a platinum wire keeps 1° above that of the sur- 
roundmg objects when a current of one-tenth of an ampere is passed through 
It What will be the temperature of the wire when a current of one-fifth of 
an ampere is passed through it, if you assume that the difference in temperature 
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IS proportional to the loss of heat, and disregard the vanation of the resistance 
of the wire with temperature. 

62 If the gnd of oichrome wire m an electric toaster takes a current of 2 28 
amperes when the voltage between its terminals is 246 volts, find (a) the resist- 
ance of the hot wire, {h) how many watts it consumes, and (c) how much it 
costs to use the toaster for ten minutes, if the charge is 6d per unit 

63 Calculate the temperature-coeffiaent of mchrome from the previous 
example if the resistance of the grid at 16° C is 96 9 ohms, and assummg that 
the hot wire is at 400° C 

64 If the terminals of a battery, of E M F 16 volts and mtemal resistance 
6 ohms, are connected by a wire the difference of potenual between the ends 
of the wire is 12 volts when the circuit is closed How many calories are bemg 
produced in the wire per nunute? 

55 If a gas-filled lamp of 200 candle-power takes a current of 0 45 ampere 
when the voltage is 230 9 volts, find (a) the resistance of the hot filament, 
{b) how many watts the lamp consumes, (c) its efficiency m candle-power per 
watt, and {d) how much it costs to use the lamp for one hour if the charge is 
6d per unit 

66 How many watts are expended when a Leclanch^ cell works at 1 46 
volts and produces a current of 1 ampere? If one H P = 33,000 ft lb per 
mmute, 1 foot = 30 48 cm , and 1 lb 453 6 gm , calculate the number 
of H P to which this is eqiuvalent 

67 When a motor-dynamo broke down, current from the 230 volt mams 
had to be taken to charge a battery of 1 1 accumulators If the E M F of each 
cell was 2 volts, with negligible mternal resistance and the leads could only 
carry a current up to 8 amperes, (a) how much resistance must be mserted 
m senes with the cells, (6) how many watts are consumed, (c) how many of 
these watts are put into the cells, and {d) where does the remamder of the power 
from the mains go to ? 

68 A power station sends power to a place at some distance from it by 
means of two Imes, transmittmg one current at 250 volts and the other at 
10,000 volts Calculate what the ratio of the areas of cross-section of the two 
lines must be so that there is the same loss of heat in both 


THINGS TO MEMORIZE 


1 Ohm’s Law C == — 

K 

s 1 

2 Resistance, R ^ , where s is the specific resistance, / the lengtli, and 

a the cross-sectional area 

3 Resistances m parallel Total resistance given by — = ~-f 

R r, r 


4 Theoretical unit of current = current which, when it flows in an arc 
1 cm long of a circle 1 cm radius, acts on umt magnetic pole placed at the 
centre with a force of 1 dyne 

1 ampere = 01 theoretical unit = current which liberates per second 
0 00 1 1 18 gm of silver from a neutral solution of silver nitrate 

5 Theoretical umt of E M F Umt E M F exists between two pomts in 
a wire when work equal to 1 erg is done on unit charge m movmg it from the 
one pomt to the other. 
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1 volt = 10® theoretical units B M F of Weston standard cell at 20*^ C is 
1 0183 volts 

6 Theoretical unit of resistance A conductor has unit resistance when 
unit E M F produces unit current m it 

1 ohm = 10® theoretical units = resistance of a wire in which an E M F. 
of 1 volt produces a current of 1 ampere ~ resistance of a uniform column 
of mercury^ 106 300 cm long and of mass 14 4521 gm at 0° C 

£2 

7 Electrical power (watts) — C^R = EC = — 

K 

1 watt = rate of working of 1 joule per second = power produced by a 
current of 1 ampere at an E M F of 1 volt 



CHAPTER XV 


THE WAVES THAT RULE BRITANNIA 

Our last chapter ended with the crowning achievements of power production 
in the latter half of the nineteenth century, and the new means of communi- 
cation which resulted from the discovery of a new source of power This 
one will deal with a discovery which became part of everyday life in the 
opening years of the century m which we are hvmg It is sometimes, indeed 
often, said that the discovery of wireless telegraphy was the direct result 
of a mathcmaucal theory put forward by James Clerk Maxwell Such is the 
story as it is told, and not a few have adorned it with moral Miss Turner 
concludes the chapter on Maxwell’s work in her useful book. Makers oj 
Science— Electricity and Magnetism, with the foUowmg comment on 

the unfortunate conclusion that technical inventions and practical applications 
are the sole justification for the labours of the man of science The search 
lor knowledge is its own reward If it leads to apphcations of benefit to mankind 
well and good If not, it is still worth wlule The evolution of Wueless Tele- 
graphy affords an example of one who laboured for knowledge alone, one who 
was a supreme theorist, a visionary, and a dreamer 

Such sentiments, which abound m scientific text-books, perpetuate a 
mistaken anuthesis between mdividual preferences and the social circum- 
stances which determme how they are exercised, encouraged, or applied 
7o be a good scientific mvestigator, a man (or woman) must be intensely 
interested in his job That is what makes it worth while from his own point 
of view What makes it worth while from the standpoint of other people is 
whether it endows human hfe with new powers and mventions, or affords 
fresh scope for ostentation Whether the mdividual mvestigator succeeds 
m gettmg opportumties to do the things which are worth while to him depends 
on whether he can get society or other mdividuals to beheve that what he 
intends to do is worth while to them To get the fullest advantage of the 
benefits which science can provide, the citizen must see that those who 
enjoy making scientific discoveries are encouraged to do so To get the 
fullest opportunities for doing the kmd of work which is worth while to 
themselves scientific workers must participate m their responsibihties as 
citizens Among other thmgs this includes refraimng from the arrogant 
pretence that their own preferences are a sufiScient justification for the 
support which they need 

This pretence, put forward as the plea that science should be encouraged 
for its own sake, is a survival of Platomsm and of the City-State tradition 
of slave ownership It carries with it the nemesis of its origm Science thrives 
by Its applications To justify it as an end in itself is a pohey of defeat The 
fullest use of science cannot be made by a society m which the pursmt of 
discovery is the toy of a privileged class, or by a society which restricts the 
benefits of its application to a relatively small group of mdividuals Science 
advances most rapidly when its benefits are keenly recognized because 
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Widely shared, especially when it brings new prosperity to a previously 
unprivileged class It will attain its highest dignity m a classless society 
which demands the means of an advancing standard of leisure and well-being 
for all its members In a classless society ostentatious emphasis on the 
pursuit of useless acuvities will no longer be die hallmark of prosperity or 
good breeding Discussing whether useless studies are worthwhile for their 
own sake wiU be like discussing whether chewmg gum is worthwhile for 
its own sake 

The encouragement which the scientific worker gets from the society 
m which he fives mcludes far more than his livelihood, the equipment which 
he can secure and the modicum of respect which sustains the efforts of 
reasonably modest people A society facing new practical tasks of industry, 
agriculture, disease, or protection, forces new problems on the attention 
of mdividuals who are capable of solving them So was it with Maxwell 
It was his good fortune to five in a time when new practical tasks made 
unusual demands on such gifts as he possessed, created special opportunities 
for their exercise, and was lavish in recogmzing their merits He graduated 
about the time when the English Channel cable was laid The severely acade- 
mic atmosphere of the university in which he studied was mitigated by a tour 
of British factories undertaken at his father’s request The chair which he 
subsequently occupied was created in response to the popular demand for 
modermzmg the teachmg of science at the older English umversmes m 
accordance with the aspirations of the manufacturing classes It was estab- 
lished during the decade when the struggle to remove them from ecclesiastical 
control reached its climax in ±e repeal of ±e rehgious tests (see p 921, 
Chapter XIX) 

Indeed, it would be difficult to select the career of a scientific man whose 
choice of problem, pubhc esteem, and social opportunities were more closely 
related to contemporary social circumstances His mam achievement is a 
symbol of the cultural compromise achieved by the creation of the new 
physical laboratory over which he presided In Maxwell’s treatise the New- 
tonian mathematics of the older universities was linked to the experimental 
measurements made by Faraday and Henry in extramural foundations, such 
as the Royal and Smithsoman Institutions As with the form, so it was with 
the substance From the begmmngs of practical telegraphy the possibility 
of propagatmg electrical phenomena through space without the aid of 
conducung material m the ordmary sense contmually prompted speculation 
and experiment In the adventurous hopefulness of nineteenth-century 
mdustnahsm, telegraphy without wires was the philosopher’s stone and the 
elixir of youth Thus far, telegraphic commumcauon was the most spectacular 
achievement of science As such it received its full share of recogniuon m 
the Great Exhibition which coincided with the Continental Cable venture 
Two years later — m 1853 — Denng, an mventor whose electrical appliances 
received an honourable place among the exhibits, referred to “the craving 
there is at present for wireless telegraphs ” This was the year m which 
Maxwell became second wrangler 

The cravmg is not difficult to explam As the distance traversed by elec- 
trical commumcations mcreased, the total cost became more and more a 

2a 
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mere quesuon of outlay on cables A discovery which had recently resulted 
m a 50 per cent economy illustrates tlie close association between theoretical 
science and the social demand for a cheaper method of transmission The 
famous mathematician Gauss was responsible for a project to use the double 
track of the railroad as a cable substitute Efforts made by Steinheil to adopt 
it on the Nuremburg-Furth line were fruitless owmg to faulty insulation 
He discovered that this was due to conduction through the earth By sinking 



Pig 364 — Electromagnetic Induction in a Vacuum 

In this arrangement the primary circmt runs parallel to the secondary circuit, and is 
inclosed in a tube exhausted by an air pump When the key of the primary circuit is 
pressed or released the current is made or broken A click heard in the telephone 
receiver connected to the secondary circmt registers the mductive effect, which is 
thus propagated through empty space Telephone wires placed on opposite banks of 
a river have been used to transmit wireless messages m this way across very short 
distances For Morse code signalling it is necessary to have a buzzer, based on the 
same prmciple as the electric bell, m the primary circuit The telephone then registers 
a long or short succession of clicks correspondmg to long or short pressure on the key 


plates deep m the ground Steinheil produced the “earth circuit” (Fig 321) 
which made it possible to use one cable to do the work for which two had been 
necessary This was in 1838 Thereafter smgle-line transmission was uni- 
versally adopted 

Meanwhile Faraday’s discoveries about electromagneuc induction had 
given some substance to the hope that all cost involved m laymg down 
cables could be cut out An lUustrauon shown m Fig 364 will make this 
clear An alternating or intermittent current generated m an mduction coil 
produces a buzzmg sound m a telephone placed m senes with the secondary 
circuit This buzz, now used to detea current in a Wheatstone bndge circuit, 
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can also be used as a signal in a crude form of wireless communication over 
short distances To produce an altematmg or intermittent current by induc- 
tion^ the secondary circuit need not surround the primary It may be placed 
parallel to it some distance away In such an arrangement the primary circuit 
with Its key and interrupter constitutes a transmitter, and the secondary 
circuit with Its telephone constitutes a receiver for signals which are 
commumcated without any material connexion Attempts to devise a practic- 
able system on this basis were made They were doomed to failure from the 
start, because the strength of the mduced current falls off rapidly as the 
distance is increased Transmission over distances greater than a few feet 
therefore demands enormous coils and tremendou^^Iy powerful sources of 
current, or alternatively a far more sensiave detector for mduced currents 
The saentific discoveries which brought wireless transmission out of 
the classroom into the domain o^ everyday life belong to three classes One 
includes certam phenomena which were encountered in connexion with 
attempts to demonstrate the common charactensacs of frictional and current 
electncity To this class belongs the oscillatory discharge A second includes 
devices mvented to meet the requirements of practical telegraphy of the 
earher type To this class belongs the lightning protector which was the 
parent of the coherer To the third belong discovenes prompted by theoretical 
interest in the common characteristics of electromagnetic mduction and 
hght Some of these discoveries resulted from tlie pursuit of quahtative 
analogies before Maxwell’s time His systemanc treatment of the whole 
subject m its quantitative imphcations undoubtedly mcreased the confidence 
with which experimental physiasts and techmrians explored the application 
of the wave metaphor to wireless transmission It is also true that the vmdi- 
cadon of Faraday’s views by the quantitative tests drawn from Maxwell’s 
formulae would not have been possible unless subsequent empirical dis- 
coveries had been made Purely empincal discoveries which cannot be deduced 
from Maxwell’s teachmg furnished the means of testing its credentials, and 
purely empirical discoveries which were made in connexion with practical 
telegraphy made it possible to supersede the latter 


THE OSCILLATORY DISCHARGE 

In tracing the story of how the cravmg for wireless telegraphy was at 
length satisfied, the discoveries which contributed most to success will be 
dealt with under the three headings already outlined 

The first batteries were regarded as electrical machines capable of main- 
tainmg a fixed but small potential, because they were able to reproduce what 
were then regarded as two of the three most characteristic properties of the 
latter They could make sparks and shocks The chemical and magnetic 
properties of wires connected with a battery raised a new problem In 1821 
when Ampere and Oersted first discovered the magnetic field of the electnc 
current, Davy set out to test the possibility of produemg a magnetic field 
by the current which flows m a cod of wire connectmg the coats of a dis- 
chargmg Leyden jar. Smee a condenser dis^arge is of very short durauon, 
he could not detect the temporary magnetism of a soft iron bar placed m his 
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coil He then used steel needles Though less readily magnetized, steel 
needles retain their magnetism after the current ceases to flow By repeatedly 
charging Leyden jars from a frictional machme (see Fig 314), Davy was 
able to obtain a detectable magnetic after-effect in the needles. 

Subsequent repetition of this discovery by several other mvestigators, 
notably Henry (1842), led to the recogmuon of an unforeseen anomaly 
Lven when the same terminal of the Leyden jar (Fig 365) was always 
connected to the same termmal of the machine the result was not exactly 
the same Sometimes it would happen that the end of the steel needle nearest 
the positive terminal of the electrical machine was the north seeking pole 
sometimes the reverse happened As anticipated, the iron became magnetic 
Contrary to expectation, its polarity was indefinite 

One oi two conclusions may be drawn from this We can infer either 



Fig ‘ib'3 — Apparatus to Show indefinite Polarity produced by the current of 

THE SPARK DISCHARGE 

(a) that electrification by fricaon and electrification by cheimcal decomposition 
are different, or (h) that the current does not flow contmuously m one direc- 
aon dunng the passage of the spark It might for mstance surge backwards 
and forwards There is nothing intrmsically unhkely in this supposition 
On the contrary, the mechamcal analogies which have suggested other 
characteristics of the current would lead us to expect somethmg of the sort 
In mechamcal changes, a rapid drop of potential, as when two columns of 
mercury at different levels are connected m a U-tube, or when a sudden jerk 
is apphed to a weight suspended by a sprmg, often results m a periodic 
motion Periodic motion of this sort is what the prmciple of inertia would 
lead us to expect (see p 293) The growth of a current has a sluggishness 
comparable to themertia of moving matter, as can be seen when a condenser 
or a choking cod is used in an altematmg current (Fig 363) By analogy we 
should not expect an impulsive discharge accompanying the disappearance 
of a large volt ige to take place in one step. We should expea ii to overstep 
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the mark, so that each terminal would alternately become negative and 
posiuve while the difterencc of potential is being equalized 

Henry, who discovered the phenomenon of self-induction and compared 
It to the inertia of matter, drew the conclusion that the indefimte magnetic 
polarity resulting from Leyden jar discharges must be due to the combination 
of two agencies One is the effect of a current on the power of iron to retain 
or forfeit its magnetism The other is the oscillatory nature of the discharge, 
or, as he put it, “the existence of the prmapal discharge in one direction 
and then several reflex actions backward and forward, each more feeble 
than the precedmg until eqmlibnum is obtained ” An alternative and more 
convmcmg test of the truth of this explanation is provided by what happens 
when we use the Leyden jar discharge for showmg the abihty of the frictional 
machine to accomphsh cheimcal decomposition Any part of the circuit 
contaming the cod in Fig 365 may be replaced by a strip of blotting paper 
moistened with a solution which conducts electricity In general, such 
solutions are partially decomposed by the passage of a current An extremely 
sensiuve indicator for the latter is a mixture of starch and potassium iodine 
Iodine, hberated at the anode dunng electrolysis, turns starch a deep blue If 
the current were to traverse the spark gap m one direction, the region round 
the free end of wire nearest the posinve termmal of the electrical machine 
would therefore become blue, and the region round the opposite end of wire 
would not change colour Experiment shows that the solution becomes 
equally blue m the neighbourhood of a wire directly connected to either 
termmal of the electrical machme 

Qnematography makes it possible to take contmuous films which show 
that the discharge of a condenser is an exceedmgly rapid succession of short 
sparks of dimimshmg brightness This is equally true of the sparks which 
occur when a condenser, such as a Leyden jar is discharged, or of the sparks 
which are produced between secondary termmals of an induction coil (F ig 
360) A spark is therefore an altematmg current accompamed by the produc- 
tion of mcandescent heat Rapid cmematographic films of the spark discharge 
show that there may be thousands of altematmg phases m a single spark 
discharge, which itself lasts less than a thousandth of a second From the 
standpoint of wireless telegraphy the important thing about spark discharge 
IS that It ts an alternating current of enormously higher frequency than of any 
current produced by a mechanical interrupter 

Its importance depends on the circumstances which decide the magmtude 
of mduced currents in a secondary circmt The maximum voltage between 
the ends of a conductor, m successive phases of the a c set up by a variable 
current in a primary circuit near to it, may be changed m three ways The 
brightness of the spark or the length of the spark gap of an induction coil 
can be decreased by using a Jess powerful battery to work it, by shdmg the 
secondary coil away from the primary if the former is movable, and by 
substitutmg for the spring interrupter another with a lower natural frequency 
of vibration Increasmg the voltage applied to the primary circmt, decreasmg 
the mtervenmg distance between the two circmts, or raismg the frequency 
of make and break, can each by itself produce a higher mduced E M F 
This means that if the voltage in the primary circmt is fixed, a higher 
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frequency of variation in the primary circuit will exercise the same inductive 
effea at a greater distance from it 

These considerations may have influenced Henry m a noteworthy experi- 
ment which he performed m the forues In his book American Men of 
Science^ Crowther tells us that Henry 

connected one end of a coil m his study with the metal roofing on his house 
and the other end to a metal plate in a deep well near the house He found 
that needles put m the coil were strongly magnetized by hghtmng flashes 
which occurred “witliin a circle of at least twenty miles ** lie showed that 
the current produced in the house circuit was oscillatory He found that if 
a discharge from several Leyden jars was sent through a wire stretched across 
the campus m front of Nassau Halh Princeton^ “an inductive effect was pro- 
duced m a parallel wire, the ends of which terminated in the plates of metal 
in the ground in the back of the campus ” The distance between the wires 
was several hundred feet, and the building of Nassau Hall stood m the mter- 
verung space 

Thus Henry discovered the greater efficacy of currents alternating with 
extremely high frequency, and took the first decisive step m devising what 
IS still the means used to produce them The spark discharge remains the 
most powerful way of exciting inductive effects at a distance The next step 
in the evolution of a practicable system of sig nallin g without cables was to 
discover some more sensitive deteaor of induced currents 


THE LIGHTNING PROTECTOR AND THE COHERER 
While the production of cheap cables remained a dommatmg economic 
problem of electrical technology, there was a feverish search for new informa- 
tion about the resistance of conductors One such discovery was first made 
in the thirues It played a most important pan in the development of cable 
telegraphy, and made telegraphy without wires a pracucal possibihty Its 
connexion with other known facts about electrical phenomenon is still rather 
obscure No one who has toyed with electrical equipment needs to be 
reminded that loose contacts give rise to high resistances Hence a tube 
loosely packed with a powder of metallic particles, such as fine copper or 
iron filmgs, is a poor conductor to ordinary direct currents This is not true 
of Its behaviour when traversed by altemaung currents of very high frequen- 
cies, especially the “oscillatory” currents during the discharge of a Leyden 
jar If an oscillatory current is passed through a tube hghtly packed with 
fine copper fihngs it becomes a good conductor, as if the particles had been 
made to sock together Usually they go on cohering until the tube is tapped 
or otherwise shaken An early apphcaoon of this fact is mdicated in a British 
patent specification (No 165 of 1866) under the names of C and S S Varley, 
who devised a hghtmng protector for telegraph staoons 
One of the embarrassments of the smgle-hne system (Fig 321), which 
uses the earth itself as one cable, is that the aerial telegraph wire earth- 
connected through the fine coils of the recorder is essentially like Benjamm 
Franklin’s hghtmng protector. When the overhead wire picks up the electrical 
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discharge a powerful current must flow to earth through ±e sensitive coils 
of the instrument, unless the latter is in some way protected Instruments 
were often fused durmg thunderstorms before there was a way of avoiding 
this Varley’s solution, ^hich was widely adopted by telegraph stauons, was 
to put a coherer consisting of a tube of fine copper in parallel with the over- 
head wire and the earth plate of the circuit (Fig 366) In ordmary circum- 
stances Its high resistance could not appreciably side-track the current from 
the instrument When the overhead wire was struck by the oscillatory 



Fig 366 — The Varley Lightning PRoxccroR 

Owing to the high resistance of loose contacts in the coherer, nearly al) the current 
flowing between the underground plate of the earth circuit and the overhead wire 
ordinarily passes through the coils of tlie instrument Durmg a lightnmg discharge 
the oscillatory current mduced m the circuit immediately induces coherence of the 
metal parucles m the coherer, thus making the latter a much better conductor than the 
recordmg instruments So the lightnmg discharge is short jrcuited to eanh as in a 
lightnmg conductor of the type which Benjamin Frankhn mtroduced 


hghtmng discharge, it immediately became a good conductor and short- 
circuited the current which would otherwise flow through the coils of the 
recorder The overhead wire then acted as an mdependent hghtmng conductor 
during a thunderstorm without damage to the apparatus 
For use as a ligh tnin g protector the sensitivity of Varley’s coherer to very 
minute high-frequency currents was not a matter of importance What made 
the coherer an essential step m the subsequent development of wireless 
telegraphy is the faa that a device of this type can be made to cohere by 
extremely minute oscillatory currents It is therefore a highly-sensitive 
deteaor for high frequency mduction The discovery of this fact was made 
independently by several electricians, working on the packing of carbon or 
metalhc pamcles in imerophones of the customary type, which depends on 
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the variable resistance of a powdered conductor under mechanical percussion 
(see p 688) Fleming tells us of one observaDon which emerged from work- 
shop pracuce at an early stage Microphones with carbon steel granules 
will respond by a click to small sparks in the same room This occurrence 
embodies all the essential features of the first wireless installanons 



Fig 367 

The fundamental features of Wireless Signalling are exhibited m their simplest form 
when a coherer is excited by the oscillatory current from the spark gap of an induction 
coil The latter can be switched on and off by a key in the primary circuit of the coil 
Currents induced m tlie coherer make the latter a good conductor So if it is placed 
in series with a battery and a telephone receiver it will switch tlie current m the tele- 
phone on and off, when the key m the transmittmg circuit is pressed or released 
If a vibrating key of the Morse type is used, a short (dot) and long (dash) succession of 
sparks can be sent out in accordance with the Morse code 


THE REVIVAL OF THE WAVE METAPHOR 

Indeed we can well imagme that wireless telegraphy would have been 
invented if no new theoretical enquiries into the relation between induction 
and hght had been undertaken None the less it would be foohsh to over- 
look the fact that theory and practice both contributed to the same result 
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The new theories whetted the appetite for discovery, encouraged tb^ hope 
that science could satisfy the craving for telegraphy without wires, and 
coordinated the curiosity of numberless investigators to the same focus 

To understand why a new scalfoldmg of metaphor was erected as a prop 
to further extensions of electrical knowledge we must now recall what we 
have already learned m Chapter VI Durmg the seventeenth century Galileo's 
mechamcs were apphed to the study of musical mstruments This led to 
a more precise view of the way m which sound is propagated Owmg to the 
inertia of the material medium — air, earth, or water — a vibratmg body 
cannot brmg the whole of tlie matter which hes along a sound track to 
move simultaneously like a continuous piston rod The disturbance due to 
a pure note is carried forward in alternate regions of compression and 
rarefaction, each separated from the next by a distance called the wavelength 
(W) This IS connected with the speed (S) of the advancmg track and with 
the frequency of the vibrator («) by the simple formula S = «W This 
formula shows us how to make use of two fundamental properties of sound 
production One is interference^ the other resonance 

Simultaneous mterest m the development of the telescope durmg the 
Newtoman period led to new discoveries about hght — its fimte speed, 
diffraction at the edges of a shadow or image, polarization, and its abihty to 
pass freely through a complete vacuum The phenomenon of diffraction 
was recogmzed by Huyghens as a form of mterference The first two of the 
four characteristics mentioned pointed to a clear similarity between hght 
and sound The last drew attention to a fundamental difference So scienufic 
theoreticians were sharply divided mto two camps, those who adopted the 
wave metaphor, and those who found it repugnant to common sense, as 
indeed it is When science responded to the impact of further improvements 
in glass technology and the manufacture of opucal instruments during the 
third and fourth decade of the mneteenth century there was a revival of 
mterests m optics, especially m France, where the phenomenon of mterfer- 
ence was re-mvestigated by Fresnel, whose method was described on page 330 
Fizeau and Foucault made new and accurate laboratory determmations ot 
the speed of hght (p 330) The wave metaphor was used to explore the 
visible spectrum for the first tune 

Hitherto physical theory had recoiled from a too hteral rehance on the 
analogy between hght and sound The ideological temper of science was 
ready for a new orientation when Faraday showed that currents may be 
induced between conduaors separated by a vacuum (Fig 364) Empty space 
now held out the hope of makmg money, and gamed m substance accordmgly 
In the social context of flooded irunes the important thmg about a vacuum 
was that it had no weight In the social context of Atlantic telegraphy the 
important thing about a vacuum was that two sorts of signals could traverse 
it, — the oldest of all signals, the hilltop beacon, and a new and better substitute 
for putting the ear to the ground In Newton’s time human nature had just 
ceased to abhor a vacuum, and was loth to refill it Faraday and ius fellow- 
workers m science were less squeamish The distinction between what is 
matter and what is not matter no longer occupied the centre of the picture 
In the latter part of his saentific career Faraday’s search for new electrical 

2a* 
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phenomena was guided by a parable h 3 ^ertrophied to the limits of sheer 
paradox 

Apart from the fact that the discovery of new things about light and 
electricity happened at the same time, there were special reasons why scien- 
tific workers could not resist the search for some connexion between them 
One depends on the fact that light and induction exhibit different similarities 
to sound production Light propagated through empty space can be made 
to reproduce one of two characteristic phenomena of sound production 
That IS to say, two beams of hght can either reinforce or interfere On that 
account we can assign to hght of different colours a range of wave-lengths 
To pursue the analogy further, we should be forced to draw the conclusion 
that a light wave is produced by vibrations of enormous frequency From 
interference measurements we assign to the hne m the sodium spectrum 
a wave-length of 5896 x centimetres The speed of hght is 186,000 
miles, or 300 milhon metres (3 X 10^® cm ), per second From the formula 
S = nW we find that n == 500,000,000,000,000 (approximately) In the time of 
Faraday there were no known facts about transmission in a vacuum to give 
the number n a tangible meaning This is another way of saymg that there 
was no knowledge of any opucal phenomenon analogous to resonance m 
sound production Induction provided the first example of a phenomenon 
analogous to resonance m propagauon through empty space 

In sound production resonance may be of two kinds A vibrator made like 
a piano wire, an organ pipe, or a tumng fork, has one pnncipal frequency 
with which it oscillates It will respond at rest to a vibrator, winch produces 
the same principal note, or to the corresponding subsidiary superimposed 
vibrations called harmomes Thus the resonance of a tuning fork or piano 
wire IS selective To make one viohn stnng resonate to the note of another 
one of different materials or dimensions, we have to shorten or lengthen it 
till It would have the same natural period of vibration if jerked A flat 
circular diaphragm like a drum membrane on the other hand is much less 
selective Owing to its shape it will vibrate with different frequencies when 
struck m different ways Having a large number of “natural frequencies,'’ it 
responds to a great range of sound That is why it is used m the construction 
of a telephone transmitter or a recording gramophone 

The periodic change of direction of current in the secondary circuit, when 
an alternating current flows m the primary circuit of a transformer, is analo- 
gous to the non-selective resonance of a flat circular diaphragm to the notes 
of a piano Taken together, Fresnel's work on the spectrum and Faraday’s 
discoveries about inducuon showed that disturbances propagated through 
empty space could reproduce both the outstandmg features of sound tracks 
m a material medium with elastic properties like air or water Empty space 
was accordingly filled with an obhgmg and aU-pervadmg blancmange c^ed 
the ether The sequel proved two dungs The crudest hypotheses can be 
frmtful if contmually refined by use, and curiosity is a far more important 
asset to discovery than sophistication 

The standpomt of Science for the Citizen is that a saentific explanation is 
one which is vmdicated by practice Laws of science are rules or recipes for 
the conduct of practical affairs As such we can distmgmsh two ways 
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which they fulfil their use One is to provide us with a large mass of relevant 
information in a compact form The other is to explore common features of 
seemmgly distinct occurrences The first may be a step towards the second 
On the other hand it is not a necessary one Readers of crime fiction will be 
famihar with two types of detectives One adopts the card mdex method of 
Bacon, collecting all relevant information piece by piece The other follows 
a hunch, like Newton, and, like Newton, abandons it at once when it comes 
into conflict with observed facts From time to time the philosophers of 
science emphasize the merits of one or the other, and write as if one or the 
other were the true method of science There is no one method of science 
The unity of science resides in the nature of the result, the umty of theory 
with practice Each type of detection has its use, and the best detective is 
one who combmes both methods, letting his hunch lead him to test hypotheses 
and keeping alert to new facts while doing so 

Faraday was m this sense the best detective Through lack of university 
education he had never acquired an intellectual faculty for devismg arguments 
agamst trymg out new expedients Havmg equipped the vacuum and mtra- 
molecular space with his all-pervading blancmange to accommodate hght and 
induction, he drew the mescapable conclusion that electrical or magnetic 
stresses in the ether must affect the direction in which hght waves are free 
to move In applying the wave metaphor to light, we can picture a beam as 
a bundle of skipping ropes with undulations travellmg along each (see 
Fig 205) m different planes If a grating is placed m the course of the bundle 
It will cut out all the undulations except those parallel with the grating A 
second grating will not allow any undulations to pass unless placed parallel 
with the first So likewise a crystal of tourmahne or Iceland spar placed at 
any angle will let through some of ±e hght when a beam strikes it, while the 
dimmer beam which emerges will only pass through a second crystal if its 
correspondmg face is parallel to that of the first The beam which emerges 
from the first is said to be polarized^ and differs from an ordmary beam, 
because it will only pass through a crystal of Iceland spar when the crystal 
IS placed at a certam angle Faraday passed a polanzed beam of light between 
the poles of a very strong magnet and found that the plane of polarization 
was rotated To transmit hght the crystal had to be placed at a different 
angle while the beam traversed the magnetic field 
The scientific study of magnetism had begun with Gilbert’s attempt to 
make a model showing how marmer’s observations on ±e dip and deviation 
of the compass needle from the true meridian vary m different parts of the 
world Gilbert’s model was the origin of what later physicists called a “field 
of force ” Gilbert himself used a small compass needle to map out the variation 
of mtensity and direction of magnetic attraction on the surface of his terella 
or spherical lodes tone We can get a more direct picture of the field of force, 
that IS to say, the way in which the intensity and direction of magnetic 
atixaction vary, in the neighbourhood of a bar magnet by sprinklmg iron 
fihngs over a flat piece of card laid on top of one (Fig 368) When the bench 
is hghdy tapped the fihngs take up a characteristic arrangement m curved 
hnes radiating from the poles If a wire which cames current is passed 
through a flat piece of card sprinkled with iron fihngs, the latter arrange 
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The pattern m which iron filings arrange themselves on a flat card m the neighbourhood 
ot a magnet (a), or the magnetic field around a current {h^ c) maps out the direction 
and mtensity ot magnetic attraction This is one way of saymg that each line of fihngs 
corresponds to the course m which an isolated pole would move The third figure 
also illustrates how a bar magnet is made by the orientaaon of the steel parades 
iinH#»r the influence of the field oroduced bv a solenoid. 
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themselves in concentric circles m the plane at right angles to the wire as 
centre 

Faraday’s vivid piaonal imagination seized on this to elaborate the ether 
metaphor in a form which embodies all the rules of the magnetic effects of 
a current stated on pages 705 and 715 At one stage of his researches he seems 
to have visuahzed a magnetic field as a parcel of stretched sprmgs or strands 
of elasnc free to bulge sideways m the empty space between them Later 






Fig 369 — The Magnetic Field as an Eddy in tht supposititious Lthek 

If we picture the lines of force around a bar magnet as currents driving a north pole 
from the north pole of the magnet (repulsion of hke poles) to its south pole (attracuon 
of unlike poles), all the phenomena of magnetic movement m the current field are 
summed up m the rule that the magnetic flow appears to be clockwise m the plane at 
right Angles to the flow of current when the latter is directed aw^ay from us This figure 
shows how the rule appbes to the deflection of the compass needle, placed above or 
below the wire carrymg the current Make for yourself a figure showmg the direction 
m which a wire carrymg a current, as m Fig 355, is rotated around the pole of a magnet 


these static sprmgs made way for motions m the surroundmg space The 
curved hues of force corresponding to the track of iron fihngs from pole to 
pole came to stand for eddy currents m a viscous medium If we make the 
direction of swirl (mdicated by the arrows m Fig 369) correspond to the 
direction m which a north pole would move, it also represents the direction 
opposite to that m which a south pole would move As drawn, the arrows 
stand for a push exerted on a north pole, or a pull on a south pole In terms of 



750 Science Jor the Citizen 

the usual convention for current direcaon (posmve to neganve) Faraday’s rule 
IS illustrated m the figure 1 he rule is that the rotation of the magnetic eddy 
IS clockwise when we look along a wire conveying current away from us 
To get a clear grasp of the wave theory of mducaon it is necessary to visualize 
all the unpheauons of this rule for the four positions of the compass needle 
and current shown in Fig 316, Chapter XIII Once you have visuahzed the 
direct current surrounded by these concentric eddies of magnetic push and 
pull, the behaviour of an alternating current offers two possibilities 

One may be stated as follows At one and the same instant of time the direc- 
tion of current along a wire of any length is the same at every point, as is also 
the direction of the magnetic eddies m the plane at right angles In more 
matter of fact language this means that compass needles placed anywhere 
along the length above the wire and at any distance from it will be deflected 
to a varying extent in the same direction and m the direction opposite to the 
deflection of all needles placed below it at one and the same instant In the 
next instant all the conditions throughout the field will be reversed If this 
were so, the periodic nature of the changes would be purely temporal The 
character of the field would change instantaneously as a whole The speed 
with which the inductive effea is propagated would be immeasurably great, 
literally infimtc, if such a thmg is conceivable Experiment shows that this is 
not true 

There are several reasons for seekmg an alternative view Magnetic and 
current phenomena have mertia Then, too, mduction has one of the charac- 
teristics of radiauon It is propagated through empty space, and all previously 
known forms of radiation through a vacuum e^bit periodic variations m 
space, described so vividly by the wave metaphor We are therefore led to 
explore another possibihty At one and the same instant of time the direaion 
of current in different parts of a very long wire may vary, as may also the 
direcuon of the magnetic eddies m the same plane at different distances from 
the wire In matter of fact language this means that at the same distance 
directly above a very long wire the direction of deflection of compass needles 
at one and the same instant will be reversed at different points along a Ime 
parallel to the wire, or at different distances from the wire m the same plane 
perpendicular to it If this is so, the direction of the magnetic field and the 
direcuon of the alternatmg current both vary periodically tn space as well 
as m time This means that electromagneuc induction is not mstantaneous 
A measurable interval occurs between the rise of a current flowmg m one 
direction m a primary circuit and the rise of the mduced current flowing in 
the opposite direcuon in a secondary circuit at some distance from it Fig 370 
shows for simphcity the variation of the magneue field m one plane at nght 
angles to the current The next illustration (Fig 371) shows both variations 
m the neighbourhood of the spark gap 

Maxwell’s mathemaucal attack on the problem was guided by a vivid 
reahzauon of these alternauvc possibiliues, and of their unpheauons as they 
aflcct electrical and magneuc measurements Science in his time recognized 
three sorts of “ether waves,” or, as we now say, radiauons These were, 
rays of longer wave-length than those in the red end of the spectrum, 
visible light, and rays of shorter wave-length than those m the violet end The 
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longer were recognized by their heating effeas alone, the shorter bj^ then 
acaon on silver salts (see p 173) Maxwell grasped the possibihty that there 
might be other types of radiation, qudhtatively and quantitatively distinct 
from these, mcludmg among them a range of wave-lengths recognized by 
electncal action Since musical notes are all propagated with the same speed 
in air, analogy suggested that all waves propagated in the suppositious ether 
would travel with the same speed, i e that of light Briefly the theory he 
proposed was (a) that an alternating current is a source of ether waves of 
immensely long wave length, (b) that electromagnetic induction is a form 



Fig 370— Magnetic Field in the plane at right angles ro an 

ALTERNATING CURRENT 

Following the analogy of eddies in a viscous medium the arrows represent the direction 
of movement of a north pole If the mducuve effect is propagated periodically m space, 
the mid-points of two adjacent regions where the defiecuons registered by two compass 
needles at one and the same mstant would be opposite are separated half a wave-length 
If all disturbances travel with the same speed as light in * mpty space like different 
musical notes transmitted through air, the wave-length of a disturbance set up by an 
a c of 100 alternations per second is given by the wave formula (S = «W) in winch S is 
186,000 miles, or 300,000 kilometres, per second That is to say W = 3,000 kilometres 
or 1,860 miles, and the half wave-length would be 030, or nearly a thousand, miles 
To show that a disturbance is propagated in this way, it would therefore be necessary 
to devise experiments using alternatmg currents with immensely high frequency 


of resonance to wave moDon propagated with the speed of 186,000 miles, 
or 3 X 10^® cm , per sec , and (c) that a source of hght is due to osciflatory 
cunents in the mcandescent particles of a lummous body 
The mathematical techmque which Maxwell apphed to develop Faraday’s 
theories hes outside the scope of this book All we can do is to be clear about 
the sort of help Maxwell gave, and, as a mathematician, could give Physical 
equations, hke chemical formulae, can often serve to expose previously 
unrecogmzed connexions between natural events We have met one good 
example of this m Chapter V Penodic motion imphes a certam relationship 
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between acceleration and distance from a fixed point There is a corresponding 
relation between the pullmg power of a spring and the distance through which 
Its end IS displaced by a weight Other circumstances, such as the behaviour 
of a billiard ball on a slope lead us to conclude that a pull can be measured by 
the acceleration it imparts So we can write the law of the stretched spring in a 





Fig 371 —Variation in the Magnetic Field and Direction of Current around 

AN Oscillator 

When currents of immense frequency as obtained from a small spark gap are used 
as a source of mduction, the wave-length correspondmg to the simultaneous variation 
in the direcuon of secondary current and magnetic deflections m planes at right angles 
to one another is comparauvely short Owmg to limitations of space it has been neces- 
sary to compress the figure m one plane The distance is really the same m both 
planes If Maxwell’s theory is correct a frequency of 100,000 corresponds to a wave- 
length of three kilometres or 1 80 miles A frequency of 100,000,000 which can 
be obtamed from a small spark gap, corresponds to a wave-length of 3 metres or 
roughly yards Although we cannot make magnetic needles which move quickly 
enough to show an instantaneous deflection in opposite directions when separated by 
a distance of 1 5 metres (half a wave-length) m the plane at right angles to a 100,000,000 
frequency oscillator, we can devise experiments based on mterference to show that 
such vanauons in the field exist 

way which tells us that a weight hangmg from its end will perform a to-and- 
fro movement when it is jerked At first this does not seem to provide us with 
new information which we could not get by usmg our eyes If you recall what 
was said on p 294 you will see that it also exposes a new way of measuring 
the stretch per unit load We can now do this by measuring the time of the 
vibration mstead of the displacement If this is easier to do, the mathematical 
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examination of the problem is worth while The mathematician cannot 
prove that the weight must bob up and down All he can say is what will 
happen tf the pull of the earth on a weight is just the same whether it is tied 
to the end of a spnng, allowed to roll down a slope, or balanced at rest by 
another one The observed result is a test of this supposition 
Maxwell examined the rules which govern electrical and magnetic attrac- 
tions from this point of view, and showed that if we can imagine the existence 
of an ether havmg the properties with which Fresnel and Faraday had 
eqmpped it, stresses will travel in it with a speed which is the ratio of two 
units of current Current can be measured m three wa 5 's by using it (a) to 
decompose a salt and weighing the products, (h) to charge a condenser and 
measurmg the attractive force between the plates (see end of Chapter XIII), 
{c) to deflect a suspended magnet and finding the mechamcal torsion produced 
The last two are respectively called the electrostatic and electromagnetic umts 
Maxwell’s ratio is the number of electrostatic umts of current required to 
produce the same magnetic deflection as a single electromagnetic umt of 
current in the same circumstances The reasoning which led Maxwell to this 
conclusion and the reasons which prompted practical electricians to define 
umts of current in this way will be found in advanced text-books Two 
German electricians, Weber and Kohlrausch, had found the ratio of the 
units before Maxwell’s time Within the hmits of experimental error it is 
3 X 10^^ In centimetres per second, the units employed m measurmg 
pulling power, this is the velocity of light Kelvin obtained the same result 
by further experiments immediately after Maxwell announced the first 
outline of his theory about the year 1866 
A coincidence so stnkmg could hardly fail to encourage research suggested 
by further appheations of the wave metaphor Among these the experiments 
of Hertz are speaally important, and are usually said to have be‘n 
undertaken to test Maxwell’s theory It is certainly true that Hertz, like 
other laboratory workers, was greatly stimulated by its pubheation It is 
equally true that the tests which he used might have been devised without 
recourse to Maxwell’s mathematical elaboration of Faraday’s views The 
method which Hertz used to measure the speed with which electromagnetic 
induction is propagated starts from an analogy with sound production If 
a pipe closed at one end is tapped, a phenomenon known as a stationary 
wave can be demonstrated by sprinkling a fine powder on its floor The dust 
accumulates m crests and troughs, as if the air m the fupe were divided 
into regions of normal pressure separating regions where the pressure is 
alternately high and low An analogous phenomenon can be reproduced 
by making an undulation pass along a rope attached to a rigid support at 
one end As the undulation passes forward from the end held by the hand 
there will be nodes^ or points with no displacement, at regular intervals along 
It, and these nodes will be stationary when the undulation is reflected back- 
wards towards the hand When any “wave” is reflected back along the same 
path by a flat surface there is interference of this kind at regular intervals 
which correspond to half a wave-length (Fig 372) 

The wave-length of visible light is measured in hundred-milhonths of a 
centimetre and the longest is less than 10,000 of these umts So we cannot 
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detect whether opacal interference of this kind exists If induction is propa- 
gated with the speed of Lght between primary and secondary circuits m which 
the frequency of double-alternation is, say, 1,000 per second, the converse 
difficulty arises The wave-length of an electromagnetic wave from a 1,000- 
cycle alternator is 3 X 10'® — 10® cm , i e 300 kilometres, or 186 miles 
The same objection does not apply to a kind of alternating current which 
had not been smdied much before Maxwell’s time The high frequency 
or “oscillatory” currents of a spark discharge change their direction with 
a frequency measured in tens or hundreds of milhons per second If Max- 
well’s wave exists, an oscillatory discharge alternating 100,000,000 times a 
second would produce an ether wave with a wave-length of 
;( X lO'® ~ 10« = 3 X 10® cm , or 3 metres If reflected along its own path 



Fig 372 — Stationarv Reflected Waves from an Oscillator 

Hertz found that if a metal surface is placed parallel to the spark gap, a resonator shows 
periodic repetition of excitation and indifference in particular positions along the 
path of the mductive field We can picture the intervening space as a npple reflected 
by a stone causeway In reflection of boundary waves stationary points separated by a 
half a wave-length occur An analogous phenomenon occurs m formation of sound 
waves m tubes closed at one end 


such a wave would have regions of complete mterference 1 6 metres (very 
approximately a yard and a half) apart A secondary circmt in these regions 
would not be excited by discharge 

If the termmals of a secondary coil are brought suffiaently dose together 
they make an effecuve spark gap across which a spark will pass when an 
a c current is set up m the circmt Hertz found that a single arcular loop 
of wire will act as a secondary circuit when the spark produced by a Leyden 
jar, or the secondary circmt of an mduction coil, is a primary source of high 
frequency a c That is to say, tmy sparks can be detected between the ends 
of the loop, when the prunary source is excited Smee the sparks are very 
minute the ends of the loop resonator must be very close, and it must he 
parallel with the spark gap of the pnmary source (Fig 372) Pohshed metals 
act as mirrors for other “ether waves,” and shield mductive effects So Hertz 
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outwards from the osallatory discharge In this way he was able to discover 
neutral regions, where his resonator would not spark, spaced at defimte 
intervals altemaung with regions where the sparks are strongest These 
and subsequent experiments by other workers made it possible to assign 
values for the half “wave-length” of inducuve disturbances propagated 
from an oscillatory discharge The frequency of the discharge as found by 
photography gives us the value of « m the wave formula (S = «W) If 
electromagnetic mduction and hght are analogous in the same sense as musical 
notes the product «W determmed from the discharge observauons should be 
the speed of hght m air This is found to be true 


THE BEGINNINGS OF WIRELESS TELEGRAPHS 

Hertz also showed that an mtensihed mductive eiiect could be got at the 
focus of a large metalhc mirror His experiments stimulated interest in 
constructmg more sensitive detectors of oscillatory currents than his metal 
loops with their tmy spark gaps Hertz resonators were soon superseded by 
coherers of various patterns devised by Branly, Lodge, and several other 
scientific workers With the aid of better detectors renewed attempts to 
transmit signals over long distances were undertaken 

The parent of wireless telegraphy is any arrangement lor producing and 
detecting inducuon This may be a prunary Ime in circuit with a battery, 
an mterrupter and a key, separated by air from a parallel secondary line 
with leads suffiaently near to make a spark Long or short taps on the key 
produemg prolonged or abrupt sparking can then spell a visible message 
m the Morse code The Hertz oscillator and resonator represents a similar 
arrangement m which the long spark of the former corresponds to the 
primary altematmg current Both devices are useless for transmitting signals 
over distances greater than a few feet For an ordmary low-frequency indi c- 
tion circuit a telephone transmitter (see Fig 338) is a more sensmve detector 
tlian a Hertz resonator Even so, an audible message in Morse code could 
not be transmitted over many yards The detector is not sufficiently sensitive 

The experiments of Hertz were completed m 1888 In 1894 Lodge used 
a Branly coherer to detect signals transmitted over irx) yards In the folio wmg 
year Rutherford succeeded in transmittmg signals across halt a mile of 
Cambndge streets Popoff, of St Petersburg, Jervis Smith, Captain Jackson, 
and others made similar trials elsewhere In 1896 a young Italian, Marcom, 
came to England to take out a patent, and persuaded the General Post Office 
to undertake experiments Durmg the following May he succeicded m sendmg 
messages between two stations separated by mne miles across the Bristol 
Channel In 1899 an apparatus which cost less than £100 transmitted messages 
across the Enghsh Channel In that year the world at large learned that the 
benefits of the new gams m knowledge were not to be used m the public 
interest by the General Post Office, which sponsored the final experiments, 
nor to be reaped by the army of scientific workers who had nursed the imtial 
discovenes which made wireless telegraphy possible A company had been 
formed 

The transmission of signals over great distances raises two elementary 
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issues^ one of transmission, the other of detection A beacon must be placed 
on a hilltop So likewise a wireless transmitter must throw out its waves of 
induction in all directions For doing this a spark gap is of no use by itself 
It IS used to induce oscillatory currents in a network of wires (the “antenna”) 
This, as Marcom discovered fortmtously while doing his early experiments 
under the mspection of the G P O , must be lifted high above the groimd The 
arrangement is shown in Fig 373 Smce there is no fixed connecnon between 
the receiver and transmitter, the former must be able to select a particular 
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hiG 373 — Wireless Transmitter and Receiver of the old type eor taking 

Moi^e signals 


one from all messages sent out simultaneously from different stations His 
detector must resonate selectively Discovermg how to make a sensitive 
detector resonate was a first essential in the story of wireless telegraphy 
How to make a detector resonate selectively was the final and most important 
step It was made by Lodge before Marconi’s minor improvements were 
patented 

Selective resonance or “syntonic signallmg” is a comphcated issue, and 
It IS only possible to touch very hghtly on it m this chapter In an inductive 
field a wire like that of an aerial behaves like the flat thin metal diaphragm 
of a gramophone It responds to a large range of frequencies The wave 
metaphor suggests how this can be done, and experiments such as those 
which Lodge earned out (Fig 374) confirm the analogy A perfectly selective 
resonator of sound does not exist Selective resonators are nearly perfect 
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if they vibrate with one audible frequency, hke a tuning-fork A piano wire 
has one principal frequency due to vibration along its whole lenglJi Super- 
imposed on It, there are fainter audible components due to subsidiary vibra- 
tions of separate segments The frequencies of these “harmonics” or overtones 
which give “timbre” or richness to the note are simple multiples of the 
principal frequency A long piano wire has more inertia and emits a note of 
lower frequency than a shorter one of the same material at the same tension 
So we can change the prmapal note of a piano wire and therefore the range 
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Fig a 74 — Diagrammatic Rlpresentation of Lodge’s early experiments on 

SYNTONIC OR SELECTIVE ELECTRICAL RESONANCE 

On one side the “transmitter” a Leyden jar connected to an electrical machinct tlie 
outer coat being earthed On tJie other side the receiver^ a neighbouring Leyden jar 
with a high inductance m parallel If this is suitably adjusted sparking occurs across 
the gap when the transmitter is m action 


of overtones to which it will resonate by altering its length If the analogy 
holds good the problem of selective resonance is how to give the aerial 
circuit of the receivmg station more or less electrical inertia 
In electrical arcuits two phenomena are analogous to the inertia of 
material bodies One is self-mduction (or mductance (p 726) ) Since a con- 
denser acts as a store of electrical charge, its presence m parallel with an 
alternating circuit has the same effect as increase of self-induction due, fox 
instance, to coilmg the wire in some part It slows down the rate at which 
the current grows Either an mductance m senes (see Fig 373) or a con- 
denser m parallel with the aerial circuit of the receiver can be used to change 
Its inertia, i c. the time taken by a cunent to get going So either a vanable 
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condenser or a variable inductance can be used to make it selectively rwomnt 
to a particular range In practice receiving arcuits usually have both The 
variable condenser is used for fine and the variable inductance for coarse 
adjustment 


RADIO UNITS 

In desjgmng a lighting circuit, or a arcuit for electro-platmg with d c , 
the only necessary units of measurement are the volt, the ohm, and the 
ampere In usuig high-frequency mtermittent or alternating currents, 
especially currents of such high frequency as the oscillations in the spark 
discharge, we have to take into account other properties of the circuit besides 
Its resistance, which is measured in ohms when a steady current flows through 
It in one direction The frequency and maximum voltage in an alternating 
circuit IS also affected by the presence of a condenser m parallel with the 
ends of the circuit for any part of it), and by self-mduction which is exagger- 
ated by the presence of parallel coils of wire If we compare the resistance of 
two pieces of wire by means of a Wheatstone bridge, we get the same results 
whether we use a d c with a galvanometer as current detector or a very low 
frequency a c (e g 100 per second) with headphones as the detector If the 
current is of high frequency it is not generally possible to get a well-defined 
“null point,” and the best results we can get do not agree closely with the 
values got with d c The reason for this is simply that the two methods are 
only comparable if the growth and decline of current m all parts of the 
circuit harmonize This will not happen if the electrical inertia of the two 
wires is different 

Since a wireless set contains condensers and choking coils, desigmng and 
manufacturmg wireless apparatus mvolves prescnbmg the inertia of a circuit 
That IS to say, measuring how much capacity or self-mduction the condenser 
or choking coils respectively possess The umts of measurement are called 
the microfarad and the henry Although the reason why these particular 
units have been chosen is too techmeal to discuss here, it is not so difficult 
to understand how capacity and self-mduction are measured if we agree to 
say that a condenser of certain matenals and dimensions has a capacity of 
so many pF (microfarads), or a chokmg coil of specified metal and dimen- 
sions has self-induction equivalent to so many henrys For small wireless 
sets variable condensers with a range of 0 0001 to 0 001 pF are sold For 
present purposes it is sufficient to state that two metal plates of the size of 
a postage stamp separated by a film of mica 0 12 mm tluck have a capacity 
of about 0 0002 /xF 

Having settled on the dimensions of a condenser with a capacity of 1 pF, 
or of a coil with inductance of 1 henry, a prmaple used m assigmng the 
appropriate figure for any condenser or choke by comparison with the 
standard simply depends on the fact that a Wheatstone bndge will not give 
a clear null point with a high-frequency a c unless the inertia of the circuit 
is the same throughout Suppose, for mstance (Fig 375), the two arms 
contain two identical resistances with negligible self-mduction, so that the 
Knrlap iq fnnallv well “balanced” when a low-frequency a c. or d c is applied 
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to It The insertion of a condenser in parallel with one of the resi>iances 
will at once upset the balance when a high-frequency a c (10,000 per sec ) 
IS used To restore it, we should have to put a condenser of the same capacity 
m parallel with the other resistance A rough method of comparmg two 
capacities is therefore as follows A large variable condenser is put in parallel 
with one resistance, and one, two, three, etc , standard condensers of the 
same capacity put in parallel with the other The dial of the variable con- 
denser can be marked for the positions at which a clear null point is obtained 
for one, two, or more of the standard capacities The variable condenser can 
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Fig 375 — Wheatstone Bridge method for measuring capacity of a Condenser 

Initially the bridge is balanced with two equivalent non-mducuve resistances (R) 
A condenser of unknown capacity is put m parallel with one resistance and one or 
more standard condensers is put m parallel witli the other till a good null pomt is 
restored 


then be used in one arm of the bridge, and adjusted to give perfect balance 
when a condenser of unknown capacity is put m the other arm 

Similarly, the bndge can be used to compare an unknown mductance 
with a standard The prmaple may be roughly illustrated in this way 
Suppose the two arms of a bridge carry a chokmg coil and a resistance of 
negligible self-mduction so adjusted that it is eqmvalent to the resistance 
of the chokmg coil itself when a d c or very low frequency current is used 
With a high-frequency current ±e balance of the bridge will be put out 
because the merua of ±e two parts of the circuit will be different To restore 
the balance we have to mcrease the merua of the resistance which has no 
appreciable self-mducuon, and this can be done by putting a condenser in 
parallel with it So the self-mducuon of a chokmg coil can be esumated by 
comparison with the mertia of a condenser of known capacity 
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THE LUMINOUS DISCHARGE 

It Will be easier to bridge the gap between wireless telegraphy as it existed 
in 1900 and wireless telephony twenty years later, if we first refer to another 
class of radiation (1 e changes which can he propagated across empty space) 
So far we have encountered four types [a) electromagneuc or radio waves, 
(b) infra-red radianons, (c) visible hght, {d) photochemical (ultra-violet or 
actmic) radiations All of these are propagated with the same speed — about 
3 X 10^*^ cm , or 186,000 miles, per second They all show the charactenstics 
severally called reflection, refraction, and interference Because of the last 
we can assign to each a range of measurements called wave-lengths Those of 
electromagnetic waves set up by oscillatory currents he roughly between a 
millimetre and a mile Those of the other three are less than a hundredth of 
a millimetre Between the hrst and second there is an unexplored region We 
know as yet no way of makmg such waves or of detecting them It is conceiv- 
able that some animals have natural sense organs like eyes which enable 
them to do so It is likely that we shall one day make artificial sense organs 
hke coherers for rccognizmg them when we meet them 

Beyond the actimc rays of the solar spectrum there are other known 
radiations of the same type separated by an unexplored region m between 
Recogmzable radiations of high “frequency,” between about 2 x 10^® and 
10^^ per sec , are called X-rays Beyond the X-rays is the region oi gamma rays 
produced by radioactive substances, such as radium, uramum, and the 
±orium of gas mantles 1 he order of frequency of these X-rays and gamma 
rays which are detected by somewhat similar properties is about lO^'** 
X-rays and gamma rays share one characteristic of the ultra-violet rays of the 
solar spectrum They can darken a photographic plate Unlike actimc rays, 
they can readily penetrate to a great depth through relatively opaque orgamc 
substances like animal tissues For practical purposes that is the most mterest- 
ing thmg about them 

The detection of these “penetrating” radiations was made through the 
discovery of the radio-active elements m thorium, uranium, and radium and 
through research mto the conduction of electricity by highly rarefied gases 
We can divide most substances mto fairly well-defined groups distinguished 
by their power to convey a current One called conductors mcludes (a) metals, 
ip) watery solutions of metalhc compounds, of acids and of certam substances 
related to or derived from ammoma The other, called msulators, mcludes 
most sohd non-metalhc substances, most orgamc compounds, dry cold gases 
at ordmary pressures, and pure water A few sohd non-metalhc substances, 
notably the element carbon, stand midway between as poor conductors 
In special circumstances gases which do not otherwise convey a current 
acquire the power to conduct electricity This was first discovered by the 
French Abbe NoUet, who was one of the first to study the characteristics of 
the Leyden jar (see p 645) About the year 1740 Nollet showed that the 
succession of sparks obtamed from an electrical machme gives place to a 
continuous lummous discharge if the air round the spark gap is sufficiently 
rarefied This observation attracted httle attention at the time, and a century 
elapsed before Faraday made a more thorough study of electneal discharge 
through gases. 
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Neon lamps are now familiar objects Most of us have looked at them and 
have noticed that there is no metal or carbon filament connecting the metalhc 
terminals The latter end freely m the cavity of the tube, which is filled with 
a lummous streamer when the current is turned on Lamps of this kind 
(now used extensively in sky signs) depend upon the fact that rarehed gases 
will conduct electncity They do not conduct electricity according to Ohm’s 
Law, which tells us that the resistance of a metal conductor at a fixed tempera- 
ture IS a fixed characteristic, unaffected by the voltage between the ends of 
It They only acquire the power to do so when the voltage between the ends 
of a column of gas exceeds a certain limit Where this limit lies depends on 
the pressure of the gas With an arrangement such as the one shown in 
Fig 376 it is possible to study the effect of reduced gas pressure on (a) the 
potential required to produce a contmuous band of light, (b) the conductivity 
of the gas itself, and (c) the manifest appearance of the lummous discharge 

If we start with a fixed E M F suffiaently high to maintam a spark at 
atmosphenc pressure, and reduce the pressure in the tube, we reach a stage 
at which two things happen The crackhng of the spark gives place to a 
silent broad stream of hght between the electrodes An ammeter reading 
then shows that the current in the tube is greatly mcreased So the gas has 
become a relatively good conductor of electricity At very low pressures 
dark spaces alternate with glowmg patches in the track of the luminous 
discharge, and the glass wall near the negative electrode (kathode) becomes 
phosphorescent At still lower pressures there is no stream of light between 
the electrodes The entire wall of a straight discharge tube now glows with 
an eerie phosphorescent light, and a photographic plate in ±e neighbour- 
hood of the tube is blurred, even if it is well wrapped up in black paper 
At this stage the gas left in the tube retams its power to conduct a current 
freely If the pressure is reduced to the lowest attamable limits the phosphor- 
escence ceases, and the space no longer conducts This fact is important 
because it shows that the flow of the current depends on the particles of the 
rarefied gas 

The vanable resistance of the circuit shown m Fig 376 may be used 
to find the critical E M F at which the gas is able to conduct readily The 
voltmeter reading then shows that the reduction of pressure till the gas 
reaches a highly rarefied condition is accompamed by reducuon of the criucal 
E M F Above this hmit a rarefied gas becomes more like the solution of 
a mineral salt, acid, or alkali, and a possible explanation of its behaviour is 
that the apphcation of a high E M F breaks up its molecules into constituents 
with opposite charges like the ions of an electrolyte Since the characteristic 
effect of a discharge on a sealed photographic plate only happens at very 
low pressures, when its walls begin to show phosphorescence, the radiations 
responsible for the photographic effect must then be due to some secondary 
action of the electrically-charged particles, as for instance their impact on 
the walls of the tube 

This was the conclusion reached by Rontgen, who accidentally discovered 
the chemically active radiations in the neighbourhood of a high vacuum 
discharge tube in 1895 Earher work had shown that metal screens m the 
non-lummous track of a high-pressure tube (Fig 377) having the positive 
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electrode inserted sideways cast a shadow That is to say, 
escencr of the glass opposite to the screen on the side remote from the 
lathode Ihc -npcaniue suggests that ncgauvely-charged particles are 
propelled forward in a .iroisht line by repulsion from the negative electrode 
n this stream of negative particles exists it must have all the characteristics 
of a unidirectional current Hence it must be deflected by a magnet ^though 
the kathode stream is invisible, irs existence can be tested by usmg discharge 
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ArrangcmcQt for studying how the reduction of gas pressure affects the sparking 
potential and how the conductiv ity of a gas changes during the passage of a continuous 
luminous streamer The ammeter m the circuit B gives current strength m a circuit 
including the ionized gas When the gas is ionized the current m the circuit increases 
owing to the fall of resistance The voltmeter gives the potential at the sparking 
electrodes This can be varied by a slidmg wire The usual source of high voltage 
IS the mterrmttent current of an induction coil with a condenser in the primary circuit 
to ensure that the mam flow of current is in one direction 


tubes of suitable shape The phosphorescence can be mamly concentrated 
in a small area on the glass face directly opposite the flat kathode Earlier 
observations had shown that dark ^aces which mternipt the lummous 
stream of a discharge tube at moderately low pressures can be concentrated 
by a magnet held near it Rontgen repeated these observations, and found 
that the area of phosphorescence on the glass end facmg the kathode can be 
made to move by moving a magnet near it 
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Further expenments which led to the modem X-ray tube were guided 
by this hypothesis Assuming that the chenucally-aaive penetrating radia- 
tions are produced by the impact of negauve particles derived from the gas 
itself and projected forwards by the repulsion from the kathode, Rontgen 
devised a rube to test whether different radiations are produced by the 
impact of negative particles on different substances The obvious applications 
of this discovery in surgical diagnosis (Fig 378) — on account of the ease with 
which the chemically sensitive rays penetrate orgamc substances — exated 
interest all over the v orld, and stimulated research which led to the discovery 
of other characteristics which they possess One is that they louize gases 
The presence of X-rays m the air around an electroscope has the same 



l IG 377 — DlSCHARCtb TUBL hOh SHOWING CILVRACTLRISTICS OF THE KATHODE SiRh/ 

When a metal shield as shown is placed between tlie katliode and the anode, phos- 
phorescence of the glass walls on the far side ot forrp».r is confined to a o ight parch 
exacilv opposite the flat kathode This shows that the kathode stream follows a i>ti nght 
path "I he bright patch of phosphorescence can be made to move by rnenns oi » magnet 
held near the discharge tube This shows that the kathode srreim can bt bent out of 
Its course by a magnet 


effect as sea spray Charges leak away quickly Just as the impact of negauve 
particles will excite a surface to emit X-rays — as we shall now call them — 
X-rays will loosen negative parucles from the molecules oi a gas This 
discovery, made by Rutherford, at that ume engaged m radio research, was 
followed by attempts to find out more about the negauve parucles or 
electrons repelled by the kathode 

The size of the electron has been measured by experiments w hich are pardy 
based on the same principle as calculatmg the bent path of a cannon ball hori- 
zontally fired from a gun with known explosive force This can be done, as you 
may infer from p 267, and hence we can deduce the weight of die cannon ball if 
we know the force of the explosion, the acceleration due to gravity, and the 
extent to which it is deflected from its horizontal course by the pull towards 
the earth’s centre If the kathode stream is like machine-gun fire, the way it 
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IS bent by a magnet or clectnlied metal plate may be used to calculate the 
rano of the mass to the force of electrical “charge*’ on an mdividual particle 
1 his turns out to be the same whatever rarefied gas is present m the discharge 
tube, and uhatcver metals are used as electrodes Smee the mass of the atonis 
and molecules of different gases and different metals is different, this result 
IS only intelligible if we assume that the electron is a particle common to the 
make-up of different atoms 


+ 



hiG 378 — X-RAY Apparatus 

1 he negjuve electrode (kathode' is concave to produce a converging pencil of kathode 
p irticJcs on tlie metal plate of the positive electrode (anode) The impact of the electrons 
on the latter nnke it give off X-rays which penetrate tlie hand and the black mask 
eontunmg the unexposed negauve 


WIRELESS TCLEPIIONY 

The Marconi system of signaUing depended on usmg the coherer as a 
switch to turn the current of the detector circuit on and off The recorder 
in the detector circuit registers long or short taps of the key which releases 
the oscillatory current at the transmittmg station So many long (dash) or 
short (dot) taps m a parucular order stands for one or other of the twenty-six 
letters of the Morse alphabet, or for secret code words The dots and dashes 
may be recorded audibly by the durauon of the buzz m a telephone receiver, 
or registered by a Morse instrument (Fig 373) with a pen writing on a 
movable tape The mertia of the coherer is too great to keep step with a 
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rapid succession of oscillatory currents following one another with the 
frequency of a musical note Direa speech transmission involves the use 
of a device called a rectifier 

The frequency of an oscillatory current is immense compared with the 
frequency of a musical note Middle C is produced by vibrations of 256 
per second Radio waves of 300 metres wave-length are produced by a current 
which alternates with a frequency of l^OOU^GOO per second A tapper which 
released them at equal intervals 2r)(] times a second with equal intervals of 
rest between would send out a succession of oscillatory discharges, each 
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Fig 379 —Wireless Receiver with Crystal Rectifier 
The inertia of the circuit is correctly tuned by a variable condenser m parallel 


correspondmg to roughly 2,000 current alternations On the face of it there 
IS therefore no insuperable obstacle to the conversion of wireless waves 
mto sounds In an ordinary telephone receiver the diaphragm vibrates with 
a frequency correspondmg to that of the note which the ear recognizes 
The vibrations of the diaphragm correspond to variations m the magnetic 
field produced by corresponding vanations of the current which dways 
flows m one direction In telephony without wires the problem is how to 
record a note of, say, 256 vibrations transmitted m 256 equally spaced parcels 
of, say, 2,000 equally spaced reversals of current m the aerial rcceivmg 
circuit This resolves itself mto convertmg each parcel of oscillations mto a 
single pulse of current m one direction. 

Workshop expenence of loose contacts supphed the first due to show how 
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this could be done A loose contact between a steel point and a crystal of 
carborundum aas as a one-way route for current, fosing a succession of 
phases in a very high frequency a c to form more or less coherent single 
pulses In this way the oscillations produced by a succession of sparks 
released with the frequency corresponding to an audible note can be repro- 
duced in the receiving set by umdirectional current variations in the tele- 
phone This in essence is the principle of the crystal detector (Fig 379), 
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Fig 380 — Thb Fleming Valve 

When the positive end of the filament (A) is connected with the plate (B) a current 
flows between A and B, as can be shown by puttmg a galvanometer m senes with 
A and B If instead B is mcluded m the oscillatory circuit current will only flow m the 
latter when B is positive Hence the plate acts as a rectifier 


which was an ennrely empirical discovery * Rectification, 1 e fusion of a 
succession of current alternations m a single pulse m one direction, can also 
be achieved by later devices which have now superseded the crystal detector 
of the first broadcasting sets The later rectifiers depend on the apphcation 
of a principle suggested by research mto the ionization of gases 

The Flemmg valve (Fig 380) is simply an electric light bulb contaimng 
a metal plate with a separate termmal m addition to the mcandescent filament 
Accordmg to the new knowledge gained by the study of electrical conduaion 

* The crystal detector also acts as a coherer, being sensitive to small osallatory 
currents 
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m gases, electrified bodies have an excess or defiaency of electrons at the 
surface Heating a negatively electrified body like the plate of an electro- 
phonis removes its charge So we may presume (see p 763) that electrons 
tend to fly off* when heat is apphed to the surface of a metal Electrons 
therefore fly off the filament of a lamp m action If the metal plate of the 
Fleming valve is positive, electrons will be attracted by its opposite charge 
Electrons will be repelled if the plate is negative This means that if two 
ends of an A C circuit are connected respecuvely to the metal plate and to 
the negative termmal of the lamp circuit, current will only pass between 
filament and plate, and m the A C circuit when the plate is positive Alternate 
phases are therefore cut out A umdirectional intermittent current will flow, 
and if the successive phases of the latter succeed one another with great 
rapidity they are more or less completely fused into one pulse 1 hus a valve 
acts as a one-way route, convertmg a succession of high-frequency oscillatory 
currents into a succession of single pulse currents in one direction, when 
the oscillatory current is in senes with the metal plate and the negative 
terminal of the lamp filament 

The underlymg prmciple of television is analogous to telephony The 
essenual principle mvolved m reproducing sound at a distance is that 
variations of sound in the transmittmg mstrument (rmcrophone) produce 
correspondmg variations m the resistance of the circuit In the receiver 
corresponding fluctuations of current produce correspondmg fluctuations 
m the field of an electromagnet. These set up corresponding audible vibra- 
tions of a steel diaphragm The variations of resistance in the transnutter 
are due to variations of mechamcal percussion on a loose contact Thus the 
nucrophone diaphragm is a sort of switch which is turned on and off by 
sound waves It is easy to produce hght by a current The problem of repro- 
ducing It IS to make a switch which can be turned on and off* by another 
source of illummation This can be done, because the resistance of some 
substances, notably selenium^ is affected by hght Selemum is a good insulator 
m the dark In the hght it is a poor conductor So a film of selemum in series 
with a current aas as a switch or coherer for visible hght If the aremt 
contams a lamp, hght may therefore be used as a stimulus to produce hght 
elsewhere Neon lamps become mcandescent rather suddenly at the cntical 
E M F when ionization of the gas starts A comparatively small change of 
resistance in the circmt of a Neon lamp is therefore sufficient to turn the 
hght off or to turn it on, if the current is suitably adjusted. 

It IS easy to envisage how a visual pattern could be reproduced by an 
arrangement mvolvmg this prmciple if you recall the elaborate figures some- 
times exhibited as sky signs on high buildmgs Imagme a screen studded 
with selemum resistances, each connected to a lamp occupymg precisely 
the same relative position m a second screen, and so adjusted that when 
hght falls on a particular resistance the correspondmg lamp m the receiving 
screen will become mcandescent To each stud m the transmittmg screen on 
which a pattern of hght or shade is focussed, there will be a correspondmg 
pomt of bnghtness or darkness on the receivmg screen So the pattern on 
the latter will reproduce the image on the former This is not the mechamsm 
of transmission actually employed m television The device which Baird 
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patented depends on the same pnnciple as the cmematograph That is to 
say, the effect of a hght stimulus persists on the retina for an appreciable 
period of time — about one-sixth of a second If a succession of pomts of 
hght all fall on the reuna within this period they give rise to a contmuous 
sensory pattern The image of the object to be transmitted falls on a flat 
wheel with small orifices arranged in a spiral Behind the wheel is a selemum 



11 d “grid” (i e wire mesh) is placed between the plate and the filament of a Fleming 
valve any variation of the electron current between the filament and grid makes 
a large difference to the plate current which flows when the plate is kept at a high 
positive potential In loud speaker circuits the oscillatory circuit is connected with the 
grid The variations in the plate current produce the sounds m the telephone or loud 
speaker 


screen/ the resistance of which goes down when a hole lets through light 
At the same moment a Neon lamp at the receiving station in direa or radio 
connection with the selemum cell goes on If a second wheel rotates at exactly 
the same speed as the first m front of the Neon lamp m the receivmg set a 
beam of hght will issue from a hole m the same position whenever a beam 
of hght penetrates the correspondmg hole m the transmitting wheel. Thus 

* A photo-electric cell, in which a deposit of an alkali metal m a vacuum tube 
produces a small current under the influence of hght, is often used instead of a selemum 
'Screen 
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a spaual pattern of points of light is translated into a single succession of 
electric impulses, and this in its turn is translated back again into a spatial 
pattern 


OVERSTRAINING THE ETHER 

In the propagation of hght and of electromagnetic effects through empty 
space we encounter various types of periodic phenomena, such as interference 
bands (Fig 206) or electrical resonance These can be observed directly 
The spacmg of interference bands and stationary nodes in the track of a 
light beam or train of electromagnetic md action mvolves any odd multiple 
of a measurable distance. This measurable distance is the actual difference 
between the paths traversed by two disturbances from the same source 
In accordance with the correspondmg phenomenon of acoustical inter- 
ference, this distance is called a half waveAengih So far as phenomena 
of mterference are concerned hght and electromagnetic mduction are propa- 
gated like sound waves of compression and rarefaction For other charac- 
teristics of radiation through empty space the analogy no longer holds 
The power of polarized hght or of an electromagnetic disturbance to traverse 
a crystal of fluorspar or a gratmg of metal wires when, and only when, the 
crystal or wire gnd is placed m a particular position recalls the kind of wave 
motion executed by a skippmg rope or circular ripples spreading from a 
stone dropped mto a pool The characterisac of such wave motion is a periodic 
transverse displacement, i e a displacement at right angles to the track of 
the wave 

The analogy between radiations and “transverse vibrauons’* of this type 
is not whoUy satisfactory Familiar examples of the latter are shape phenomena 
characteristic of the boundary of a medium m contradistmction to propagatiou 
of a disturbance with wave-like charactensncs through the interior of a 
medium A more satisfactory mechamcal model is easy to visualize, though 
It is not easy to construct We can picture concentric eddies m a viscous 
fluid swirhng at any given mstant of time m opposite directions and separated 
at equal distances by zones where the medium is at rest We can also imagme 
how the motion of the current at any pomt m the fluid may slow down to 
zero, gam motion m the opposite direction, reach a maximum, slow down 
to zero, and so on m successive mtervals of time In this model, illustrated 
m its simplest form m Figs 370 and 371, there is a penodic transverse dis- 
placement at right angles to the radius of the concentnc cylmdrical eddies 
For visualizmg the phenomena of mterference along the track of a radiation 
It reproduces all the relevant analogies between radiation and sound waves 
of compression and rarefaction For visualizmg the phenomenon of polar- 
ization it embodies what is relevant m the analogy between radiation and 
boundary waves 

Like every other analogy which we can easily visualize this one breaks 
down at a certam pomt It helps us to picture the fact that a wire grating 
placed m the tram ot an oscillatory discharge or a crystal acting as a grid 
for polarized hght can obstruct radiation, unless placed m a particular 
position On the other hand, it requires a grid with immeasurably long shts 
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A model which meets all known charactensocs of radiation cea^s to have 
any resemblance to mechanisms which we ever meet w real hfe. This IS not 
because science reveals less orderhness m nature as it grows It is because 
science reveals new and unsuspected levels of orderliness As new stones 
are added to the edifice of known regularities m the real world, some of the 
old scaffolding of metaphors which helped to prop it up fall away Man’s 
first experience of measurable mteraction between matenal things was 
derived from levers, pulleys, and siphons, which transmit power through the 
substantial contact of cords, cogs, belts, and pipes When science was first 
concerned with changes which arc induced without the mtervention of 
ponderable matter, analogies suggested by more famihar measurements met 
with m more primitive mechamsms pomted the road to unsuspected truths 
Once we have adjusted ourselves to the oddities of radiation the all-pervading 
elasuc ether is seen for what it is, a useful device for mappmg space, like 
the Imes which Gilbert drew on his tere//a What remains are the penodic 
charaaensUcs of measurements on the transmission of power through 
empty space 
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PART IV 

The Conquest of Hunger and Disease 


“But It was especially after the rum spread by the Goths, when all the 
sciences which before had flourished gloriously and were practised as was 
fitting, went to ruin, that more fashionable doctors, first m Italy, in imitauon 
of the old Romans, despising the work of the hand, began to delegate to slaves 
the manual attentions they judged needful for their patients, and themselves 
merely to stand over them hke architects Then, when all the rest also who 
pracnsed the true art of heahng graduahy dechned the unpleasant duties of 
their profession, without however abatmg any of their claun to money or 
to honour, they quickly fell away from the standard of the doctors of old 
Methods of cooking, and all the preparation of food for the sick, they left to 
nurses, compounding of drugs they left to the apothecaries, manual operation 
to barbers ” (From Professor B Farrington’s preface to Enghsh translation 
of Vesahus’ De Fabrtca humant corporis ) 




CHAPTER XVI 


WHEN LIFE IS CHEAP 

From what we have learned in the opening chapters of this book it will now 
be clear that the disunction sometimes drawn between anaent science and 
modem saence is a distmction of content rather than of method If we wish 
to draw a hard and fast Ime between craftsmanship and science, we can only 
draw It at the pomt when experience has brought forth prmaples suffiaently 
comprehensive m scope to demand a permanent wntten record In that sense 
astronomy, the statics of solids and hquids, and geometneal optics are 
sciences of great anuqmty Chemistry, heat, and electnaty are essentially 
modem 

The saenufic study of hvmg orgamsms on the other hand Is both 
ancient and modem The wntten record of medicme goes back almost as far 
as astronomy Indeed, the sayings of Hippocrates are household words In 
contradistmction to all other learned professions, mcludmg even astronomy, 
the practice of medicme in the Western world records an almost unbroken 
apostohe succession from the Greek penod Thenceforward there was httle 
conspicuous progress till the begmnmg of the seventeenth century of the 
present era From the publication of Harvey’s treatise on the arculauon of 
the blood knowledge of hvmg matter has advanced steadily and contmuously 

One reason for this is not far to seek The continuous existence of medicme 
as a soaal mstituaon imphes the maintenance of an organized profession 
with opportumties for capitalizmg whatever crumbs fell from the table of 
other branches of science How true this is will be sufficiently evident when 
we recall the title enjoyed by the Moorish doctors and their Jewish successors 
m Spam, where the doctor was desenbed as “physician and algebraist ” 
So m seekmg for the social background of man’s conquest of disease, hunger 
and behaviour, we encounter at the outset two mam issues One is the 
agencies which have conspired at various times to mamtain the contmuity 
of medicme as a secular learned profession, to advance us prestige and to 
diffuse Its influence The other is the way m which progress in mechamcal 
sciences has placed at the disposal of the medical profession new mstruments 
and, with them, new problems and means of solvmg them 

The influence of medicine on the mechamcal saences and of the latter 
on biological studies which medicme has encouraged has emerged repeatedly 
in previous parts of Science for the Citizen Medical solicitude sponsored 
the spectacle trade, which in turn revived optical saence Revived interest 
m optics nursed the imaoscope, which revoluuomzed saentific knowledge 
of reproduction and epidemic disease Physicians assisted at the birth of two 
new physical sciences, when the study of gases was the provmce of “pneu- 
matic chemistry,” and the measurement of heat was confined to thermometry 
In turn mdustnal chemistry has made new methods of analysis available for 
the study of nutntion, and modem engmeenng has provided a costmg system 
for bodily work. Current electnaty began with me<ical researches on nerves, 
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and practical telegraphy has provided the apparatus for modem discoveries 
concerned with nervous conduction 

The fanuhar formula of crime fiction (see p 578) suggests three aspects of 
scientific progress The existence of an orgamzed profession of medicme 
has provided opportunities for the study of hvmg processes The microscope, 
the chemical balance, electrical recordmg mstrmnents, the thermometer and 
the calorimeter have provided new means for solvmg the problems they 
suggest The existence of new techmcal problems to furmsh a fresh motive 
for the pursuit of biological knowledge is perhaps less obvious A new motive 
for exploiting the new means which contemporary progress m related saences 
placed at the disposal of the physiaan or the apothecary does, m faa, emerge 
at the threshold of the modem penod 

Researches such as those of Gordon Childe have taught us that the great 
biological mventions antedate avilization as the term is usually used The 
Neohthic was a gram-growmg economy, and the domestication of man’s 
chief associates in a self-sufficient system — the horse, the sheep, the goat, the 
ass, the camel, the ox, the fowl, the bee, the yeast orgamsm — is m almost every 
instance now known to be as old as city life Man learned the art of seed 
scattenng, of milkmg the cow, of bndlmg the ox, of harvesting the gram— 
probably of grafting the vme and fernlizmg the date — before there was any 
corpus of recorded saentific knowledge m the world Aside from a few 
pedestrian descnptive accounts by writers of ±e Roman Empire, the 
record of man’s struggle for food had no place in the hieratic or imperial 
cultures of the Mediterranean world For one reason or another this neglect 
ended at the very time when the struggle for new matenals was assuming 
a new aspect 

Cut off from the humble toil of the cultivator, medicme registered no 
conspicuous progress for two millenma durmg which saentific husbandry 
remained at a standstill Roman agnculture, which was operated on a more 
imposmg commercial scale than agnculture in northern Europe durmg the 
sixteenth century, failed to mspire any written record except pedestnan 
georgics of literati who were not professionally connected with the pursuit 
of science It made no endurmg contribution to biotechnology Durmg 
this penod the command of medical skill was the prerogative of those 
who did not know the pinch of hunger Mankmd had not as yet learned 
that the health of the few cannot be assured in a commumty which allows 
disease to lurk among the many Medicme itself made little progress while 
the medical profession was exclusively concerned with the well-to-do 
When conspicuous progress did begm, the most notable victories con- 
cerned diseases whose characteristics compelled attention by the very fact 
that they mterfered with the workmg hfe of the commumty Hence the social 
background of man’s struggle with disease and hunger must be sought m the 
agencies which extended the benefits of medical care to the commumty as a 
whole and brought the study of medicine and ±e praaice of horticulture and 
husbandry mto one and the same social context 
The period of Harvey, from which the continuous progress of modem 
medicme dates, was the threshold of a revolution m agncultural techmque 
It also witnessed the nse of commeraal horticulture which begins with 



777 


When Ltje is Cheap 

the Dutch tuhp craze m the sixteenth century The advance of modem 
medicme owes a large debt to modem productive biotechnology In its 
begmmngs, the latter benefited by the existence of a profession mterested 
m encouragmg its growth Harvey’s work marks the end of an epoch durmg 
which biological studies were exclusively preoccupied with the pursuit of 
health Thereafter the conquest of disease is inextricably interwoven with the 
conquest of hunger 

We have learned from the story of man’s conquest of materials that the 
international economy was showmg symptoms of stram, as it approached 
the pinnacle of its development The long ages of impenahstic wars, of 
commercial exploration, of conquest and of colomzation were approachmg 
their end The mventory of nature’s ready-made products was wellmgh 
complete Durmg all this period scientific culture had been urban, and its 
most charactenstically urban phase of development, the brilhant efflorescence 
m Alexandria between 300 b c and A d 300, was relatively barren from the 
standpomt of biology Alexandrian science, so brilliant in other fields, was 
comparatively sterile from the standpomt of biology, and its stenhty, like 
Its arrested development m the science of power and materials, is at least 
partly susceptible of a simple explanation 

So long as slave labour was abundant, the social mcentive which led to the 
systematic study of non-human sources of power and to the discovery of 
the gaseous state was lackmg Cheap labour and a cheap valuation of human 
life have never been propmous to rapid development of scientific know- 
ledge This is more true of biological enquiries than of any other branch of 
scientific knowledge In two ways the institution of slavery obstructed 
biological progress m antiquity As medical science could not advance while 
medical services were the exclusive prerogative of the wealthy, scientific 
husbandry did not advance till a semi-literate class of free cultivators and 
village Hampdens became socially influential In the social background of 
seventeenth-century biology we see the extension of medical services in a 
social milieu propitious to biotechnical innovation 

Though social influences unrelated to pubhc hygiene, notably navigation, 
stimulated and encouraged the demand for naturalistic knowledge m the 
dark ages of the Faith, the spread of the Moonsh culture which had garnered 
the frmts of Alexandrian science and Hmdu mathematics would scarcely 
have been possible, if there had not co-existed educational machinery pro- 
pitious to naturahstic enquiry Dr Singer’s researches have taught us that 
the medical schools of the medieval universities were formed by Jewish 
missionaries of Moorish saence These schools were of pivotal importance 
to science They gave naturahstic enquiry a foothold withm the preemets 
of the ecclesiastical culture which was destmed to be overthrown by it 

When we recall how httle outstandmg practical progress was achieved 
over a period of many centuries durmg which the medical profession occupied 
a posiuon of outstandmg cultural importance, the contmuity of medicine as 
a learned profession with its own hterature is a somewhat remarkable fact 
of man’s social existence It is hard to say why the physician earned a con- 
fidence which could outweigh the very severe inconvemence of bemg a 
pagan or hereuc. Ancient prescriptions were, with one notable exception. 
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sheer quackery Of ail the remedies m the classical or Moonsh pharmaco- 
poeias perhaps the smgle conspicuous achievement was the use of purgatives 
and apenents For biology it was a fehatous circumstance that the disorder 
redressed by this class of remedy is of smgularly common occurrence 
Maybe it was pre-emmently m his capacity as surgeon that the practitioner 
gamed the respect of his fellows The majority of townsfolk, being httle 
accustomed to the sight of wounds and fractures, readily succumb to hysteria 
or inacuvity when brought face to face with them So they gratefully welcome 
the offices of anyone whose regular experience fits him to approach them 
with calmness and deliberation, even when beneficial results of his mmis- 
trations are not self-evident 

Whatever cucumstances contribute to the almost supersuaous reverence 
which the profession of healmg has managed to attach to itself, and to retam, 
Its existence is hardly a matter of dispute Special curcumstances contributed 
to enhance it dunng the three centuries which preceded the publication 
of Harvey’s works on the arculanon of the blood and the generation of animals 
We may refer to two of them respectively as Chnstianity and metropohtamsm. 

CATHOLIC DOCTRINE AND THE CARE OF THE SICK 

We may trace the social origms of European medicme, as we understand 
the term today, to the hospitals and gardens of the monastic orders and to 
the medical schools of the ecclesiastical universities The existence of the 
former and the, at that time, smgular tolerance which encouraged Jewish 
Arabic scholars^p m the latter are testunony to a new respect for human life 

We are now sufficiently far removed from the superstitions of Mr Glad- 
stone’s time to take a more detached view of the social significance of Chris- 
Uamty than free-thinkers of fifty years ago could be expected to entertam 
With no temptation to swallow the pietisac apologia of Mr Hilaire Belloc 
in then entirety, we need not shut our eyes to the fact that Cathohe Chns- 
tiamty did, on the whole, discourage chattel slavery and indisputably m- 
doctnnated Europe with the speaal beaatude of those who tend the sick 
and infirm Chnstian metaphysics, bemg Platomc m origm, was aristocratic 
m temper and wholly mumc^ to the progress of natural enqmry as such, 
Oiristian ethics never completely relinqmshed its Essene mgredients which 
revived m the Spartacist ideology of Wycliflfe’s poor preachers. As an ethic 
Chrisuarnty did much to encourage saence. 

Catholicism contamed what Hegelians call an mternal contradiction 
Succounng the poor and needy and healmg the sick were among the ostensible 
objects of the two great monastic orders of Bcnedictmes and Franciscans 
How members of the latter sponsored the only first-rate medical amemty of 
the middle ages, and the repercussions ot the spectacle industry on the phy- 
sical science of the period have been pomted out earher (see p. 132). In the 
thirteenth century eagerness to earn the beatitude aforemenuoned was 
sufficienUy strong to ovemde the plam duty of compellmg the infidel to 
come into the fold and to rescue heretical brands from the bumme by prac- 
tical homoeopathy The Jewish and Moonsh physicians commanded s^ 
The earlv medical schools of Montpellier and Salerno, which 
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were founded by them, became a focus of the naturalistic movement which 
bore fruit m the outburst of saendfic discovery durmg the Copermcan 
epoch. 

The monastery physic garden was the beginning of a closer umon between 
the practice of mcdicme and the study of nature On the same scale, herbal 
mediane was not culavated m the urban centres of culture under Roman 
tmpenahsm The monastic orders also created a new soaal mstitution which 
was to make systematic and continuous medical study possible for the first 
tune m history Our oldest hospitals were founded by the monks In this 
connexion the followmg citation from Simon’s authoritative work, English 
Sanitary Institutions^* emphasizes the significance of new soaal values as 
an aspect of the social background of biological progress • 

In the parts of the Roman Empire which were soonest affected by the pro- 
mulgation of Christianity a greatly increased thoughtfulness for the poor, with 
a great development of charitable service towards them, was a conspicuous 
first-fruJt of the creed so that, m all early Christian communities, the giving of 
alms to the poor, of personal tendance to the sick, of shelter to the homeless, 
and generally of brotherly and sisterly help to persons m necessitous arcum- 
stances of mmd, body, or estate, became, as it were, a characteristic ritual of 
the new faith It was a ritual which the surrounding Roman world may have 
found the more impressive from the fact that m those early days it required 
no apparatus of Flamens and Pontiffs, nor even involved any burning of in- 
cense, and the Emperor Julian was led to confess somethmg like envy on behalf 
of his co-rcligionists, as he saw how they were exceeded in charitable action by 
votaries of the faith which he despised In various great centres of population, 
Christian philanthropy soon showed itself in the establishment of standing 
asylums and houses of hospitahty of different sorts for persons, old and young, 
who might need them hospices (m the narrow sense of the term) as places 
of refuge for strangers and outcasts, almshouses for the helpless poor, homes for 
orphans and foundlmgs, and reformatories for women who had gone wrong 
and not least among such establishments, hospitals for the sick and wounded, 
hitherto not precedented m the world, except to some extent in Buddhist 
India, and in extremely small degree m pre-Christian Greece and Rome, began 
to appear as Christian institutions Thus about the year 370, there was founded 
at Caesarea, by its then bishop, Basil, an immense instituuon of miscellaneous 
chanty, mcludmg a hospital for the sick, and some thirty years later, at Con- 
stantinople, a hospital was one of many beneficences which the poor of the city 
owed to the brief and stormy archiepiscopate of Chrysostom In minor com- 
mumties, endeavours of the same sort, though of course on a smaller scale, 
seem to have been general Instantxae lampadis they indeed were, those early 
Chnstiamues of action, and they assimilated practice to profession with a 
sincerity which made them worthy to hve Agamst their continuance, however, 
or at least their continuance m the full spirit of their founders, there were 
obstacles in the nature of the case, and also m the circumstances of the times 
The philanthropic ardour which Basil and Chrysostom had awakened was 
perhaps too impulsive to be equally persistent Often the founders of special 
chanties would have passed away, and successors like-minded with them would 
not have risen Still more, as war spread from region to region, and city after 
city was whirlpooled in social strife, the urban orgamzations of charity penshed 
of mere manition, like the children of slain parents, or were shattered and 

*'Tohn Murrav T nnHnn 
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trampled under foot as savagely as the fences and gardens. Meanwhile the 
monastic system had taken root m Europe and was beginnmg to represent 
in a somewhat changed way, and for the most part m very changed local 
relauons, the previous more communal chanues From about the year 629, 
when the rchgious order of Benedict of Nursia, with its great monastery at 
Monte Cassmo, was established, and m proportion as the establishment of 
monasteries more or less after that pattern became general, first m Italy, and 
then m all parts of Western Europe, the monks, m those parts of Europe, were 
constant dispensers of help to the poor, and each monastery, besides being 
a centre of almsgivmg to the poor of its neighbourhood, and a home of refuge 
to many a forlorn wayfarer, served also generally as a hospital for sick and 
wounded , , The Franciscan Order, from the time when it was estabhshed, 
gave a new impulse to the care of the poor m Europe, supplementmg m that 
respect most usefully the action of the monasteries of Benedictme rule The 
relations between the Franciscans and Benedictmes were habitually relations 
of much mutual disfavour, and often also on either side there would be rela- 
tions more or less mvidious between brotherhoods foUowmg origmal rule, and 
brotherhoods purporting to be of “reformed” type but the two sorts of orgam- 
zation were able to work side by side throughout Europe, and thus workmg, 
they together represented, for some centuries, a large proportion of the charity 
on which the necessitous poor depended for rehef The debt of modern 
umes to tlie medieval Religious Orders is far more than a mere sentiment of 
sympathy with the populations which received good at their hands To say 
nothmg of the obligations which scholars of all sorts acknowledge to the Bene- 
dictine and Mendicant Orders in respect of the stores of learning which they 
transmitted and increased, or of new lights of knowledge and wisdom which 
came from them — to say nothmg of those presages of scientific spirit which 
dawned among them, as for mstance, m the mind of Roger Bacon — there are 
senses, purely medical, m which the philanthropy of the Middle Ages has been 
a continuing good to mankmd The hospital system of modern Europe is 
raised upon that medieval foundation A large proporaon of the noblest 
hospitals in Europe, giving help year after year to annual millions of the poor, 
exist by umnterrupted descent from monastic charities two single mstances 
m our o'wn metropohs, arc St Thomas’s Hospital which is the continuation 
of a monastic charity of the thirteenth century, and St Bartholomew’s 
Hospital which is ot even earlier monastic origin 


MEDIEVAL MEDICINE AND HORTICULTURE 

Wc shall sec later (Chapter XIX) that the close association between 
medicine and the systemanc survey of plant life ansmg from somewhat 
superstiDous belief in the healing benefits of herbal preparations was one 
of the most conspicuous formative mfiuences m the progress of biological 
science fiiom the sixteenth century onwards The influence of the monastenes 
js universally recognized m histones of horticulture The foUowmg quotation 
IS from Amherst’s History of Gardening in England 

The earliest records of gardens on the Contment (after Roman times) date 
from the ninth centtiry In the list of Manors of the Abbey of Samt Germain 
des Pres, Samt Armand and Saint Remy, in the time of Karl the Great mention 
IS made of various gardens At other places, as at Corbie, in Picardy, and at 
rjaii riMr thr lake of Constance, there remains more than a mere mention 
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of the existence of a garden At Corbie the garden was very large, either divided 
into four, or else four distinct gardens, and ploughs, which had to be con- 
tributed annually by certain tenants, were used to keep it m order, while other 
tenants had to send men from April to October, to assist the monks m weeding 
and planting At St, Gall, the “hortus” is a rectangular enclosure, with a 
central path leadmg from the gardener’s house and a shed for tools and seeds 
situated at one end, with mne long and narrow beds of equal size on either 
side The “herbularis,” or physic garden, is smaller, with a border of plants 
all round the wall, and four beds on either side of the central walk, and the 
plants contamed m each of these beds are carefully noted In England we have 
no such exact description of any garden, and it is only by carefully examming 
the records of the various monasteries that the existence of gardens or orchards 
in the eleventh and twelfth centuries, and a few of even earher date, can be 
proved A garden was a most essential adjunct to a monastery, as vegetables 
formed so large a proportion of the daily food of the inmates Therefore, as 
soon as monasteries were founded, gardens must have been made around them, 
and these were probably almost the only gardens, worthy of the name, in the 
kmgdom at that tune Still, the number of plants they contamed was very 
limited, and probably many of those gro''vn on the Continent had not found 
their way into this country The monks may have received plants from abroad, 
as some connexion with rehgious houses on the Contment was kept up, and 
in bringmg back treasures for their monasteries or churches the garden would 
not be forgotten But plants were chiefly brought for medicme, and we may 
infer that they were imported m a dry state, as our word “drug” is simply part 
of the Anglo-Saxon verb “drigan,” to dry The earhest view of a monas 
tery garden m this coimtry appears to be that in the plans or bird’s-eye views 
of the monastic buildmgs at Canterbury, made about 1165, and bound up 
with the Great Psalter of Eadwm, now preserved in the library of Tnmty 
College, Cambridge These drawmgs seem to have been made (probably by the 
engmeer Wibert or his assistants) to record the system of waterworks and 
drainage of the monastery One of them shows the Herbarium which occupies? 
half the space between tlie Dormitory and the Infirmary, surrounded by 
cloisters, the other the orchard and vmeyard which were situated beyond the 
walls The first plan records also trees withm the wall near the fish-pond, 
includmg what was afterwards known as the old convent garden, the site of 
which was obtamed m parcels between the years 1287 and 1368 , In all 
countries, heathen and Christian, and m all ages, flowers have played an im- 
portant part in ceremonies, such as funeral rites and marriage feasts England 
m the Middle Ages was no exception, and the use of flowers in the services 
of the Church, m crowning the priests, wreathing candles, or adorning shrines, 
was very general The gardens withm the monastery walls for providmg these 
flowers were under the care of the Sacristan. At Abmgdon, he paid the gar- 
dmarius fotir bushels of com for the rent of bis garden At Norwich, the 
Sacristan seems to have had more than one garden, as a very cursory glance 
at the MS accounts of that office shows the names of both “St Mary’s” and 
the “green garden ” There was a “gardmum Saenstae” at Winchester as early 
as the mnth century, and to this day a piece of ground on the east side of the 
north transept of the cathedral bears the name of “Paradise,” and marks the 
site of the Saenst’s garden The fifteenth-century doorway, which was the 
entrance to the enclosure, is still standmg . • Bede, writmg early m the 
eighth century, says that Bntam “excels for gram and trees ... it also pro- 
duces vmes m some places ” In the laws of Alfred, which were chiefly com- 
pilations of existmg ones, it was notified that anyone who “damaged the vme- 
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yard or field of another, should give compensation ” In their wandermgs 
in the East during the Crusades, they may have remembered some garden in 
England, and brought back plants for it, as, for example, the splendid Oriental 
plane at Ribston, the planting of which tradition attributes to the Templars 
The surveys of the manors all over the kmgdom belongmg to these Orders 
show the large number of gardens of which they were possessed . , Castles 
were built on the tops of hills, or protection was sought by placing the dwellmg 
behind some river or marsh, when no high ground or escarpments of steep 
rocks afforded a suitable defence This was the opposite course from that 



Fig. 382 — City Sanitation in Minoan Cr£TE, c 1900 bc 

In the wonderful city of Knossos, with its great Palace of Minos, excavated and 
restored by Sir Arthur Evans, cucular walled pus of large size, called kouloura, were 
constructed for the sanitary disposal of rubbish from the Palace area Earth was 
apparently used ui layers to prevent effluvia, and a cenain amount of surface water 
was drained into them These most effective public rubbish dumps, arranged m line, 
were built in the M M 11 period (1900-1750 B c ) on the rums of houses of the previous 
Pcnod 

(From Sixty Cmtunes of Health and Phystck by S G B Stubbs and E W Bligh) 


pursued by the monks, who, as a rule, chose a fertile valley in which to place 
their cloister, and plant their orchards, gardens and vineyards There was no 
room for much garden withm the glacis of a feudal castle, and as it was not 
safe for any of the inmates to venture beyond, it was scarcely worth while makmg 
any garden or orchard outside, merely to see it plundered by some turbulent 
neighbour But, m spite of all these disadvantages some attempt at cultivauon 
of fruit was not unfrequently made. 
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BEGINNINGS OP SANITAKY INSTITUTIONS 

The art of gardening, which attained a high level m the civilizations of 
Mesopotamia and Egypt and at a later date more especially m Islamic Persia, 
was far older than monastic Chnsuamty The importance of the monastery 
garden lies in the fact that it brought into one and the same soaal context 
the culuvation of plants for use as food, as ornament and above all as physic 
So also the practice of samtation goes back to Cretan, Assyrian and Egypuan 
cities, and attained a high level of mechamcal connivance m the Roman 
Empire In pre-Christian civihzauon it was perhaps more a symbol of civic 
prospenty than a pohey of pubhc health So soon as large aues began to grow 
the need to ensure a contmuous supply of fresh water for drinkmg purposes, 
to dram off accumulated rainfall and to dispose of refuse, was mescapable 
The urge to make suitable provision m the form of aqueducts and sewers was 
primarily dictated by the sheer mechanical mconvcmence of domg without 
them To be sure, there was the beginnmg of a system of pubhc health officers 
in Rome itself durmg the latter days of the Empire, as shown by the edicts of 
Vaknaman about a d 370, and by others of Valens In these edicts we already 
see the growing influence of the Chnsaan soaal ethic and the declme of an 
ideology which was the proper complement to the gladiatonal contest 

The associaaon of samtary provisions with a pubhc pohey of health begms 
to take shape only when urban hfe develops m northern climates Thence- 
forward there was a progressive recogmnon that msamtary condiuons are 
propitious to the spread of contagious diseases and epidemics The following 
passage from Simon’s treause describes the begmnmgs of a samtary policy m 
medieval England . 

In 1357 a Royal Order, addressed to the Mayor and Sheriffs, tells how the 
King, Edward III, passmg along the river, had “beheld dung and laystalls 
and other filth accumulated m divers places m the said City upon the bank 
of the said river,*’ and had “also perceived the fumes and other abommablc 
stenches arismg therefrom from ffie corrupuon of which, if tolerated, great 
peril, as well to the persons dwellmg withm the said city as to the nobles and 
others passmg along the river, will it is feared arise unless indeed some fitting 
remedy be speedily provided for the same**: and the Order forbids the con- 
tinuance of practices as above, and requires proclamation to that effect to be 
made whereupon a new Order for the preservaaon of cleanlmess in the city 
IS proclaimed and part of it prescribes ffiat “for savmg the body of the river, 
and preservmg the quays . . for lading and unladmg, as also for avoidmg 
the filthiness that is increasing m the river and upon the banks of the Thames, 
to the great abomination and damage of the people,** there shall henceforth 
no rubbish or filth be thrown or put mto the rivers of Thames and Flete, or 
into the Fosses around the walls of the City, but all must be taken out of the 
City by carts In 1372, the Kmg again addresses the Mayor Sheriffs and 
Aldermen of the City complainmg that “rushes, dung, refuse, and other filth 
and harmful thmgs** . from City and suburbs are thrown mto the water 
of Thames, so that the water aforesaid and the hythes thereof are so greatly 
obstructed, and the course of the said water so greatly narrowed, that great 
ships are not able, as of old they were wont, any longer to come up to the same 
City, but are impeded therem'" and the wnt stnctly cn)oms immediate measures 
to amend this state of things, and to prevent recurrence “so behavmg yourselves 




Fig 383— Public Hygiene in India before the Aryans 

A bnck-built dram, datmg from 3000 b c , at Mohenjo-Daro, where an elaborate 
civilization, with Sumerian affinities, has been disclosed This dram ran along a 
street and the drams from the many well-built houses on the left were connected mto 
it Sir John Marshall notes tnat every street, alley-way and passage had its own covered 
conduits of finely chiselled brick laid with great precision The whole dramage system 
was extremely well developed — Sir John Marshall, Director-General of Archaeology 
m India 

(From Sixty Centimes of Health and Physick by S G B Stubbs and E W. Bhgh) 


incur, you are m no wise to omit/’ Within the first six years of Richard II, the 
same policy appears m two cases . filth (1379) was not durmg ramtime to be cast 
into the kennels so as to float away with the water and (1383) rules are made 
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to preserve the water-course of the Walbrook Meanwhile> however, latrines, 
especially public latrines, are again and again named as causmg nuisance In 
1346 (20th Edward III) is a royal ordinance m which accusations are alleged 
agamst citizens and others smitten with the blemish of leprosy, that they 
pubhcly dwell among, and publicly and privately communicate with the other 
citizens and sound persons, and in some cases actually endeavour by sexual 
and other mtimate mtercourse “to contaminate others with that abommable 
blemish, so that to their own wretched solace they may have the more fellows 
in suffermg” and therefore proclamation is to be made that all the persons 
havmg such blemish must “withm fifteen days betake themselves to places m 
the country, sohtary, and notably distant from the said city and suburbs and 
take up their dwelling there, seeing their victuals through such sound persons 
as may think proper to attend thereto, wheresoever they may deem it expedient ” 
And persons sh^l not permit lepers to dw^ell m their houses and buildings in 
the city or suburbs on pain of forfeiting their houses and buildmgs, and of other 
more grievous pumshment And diligent search, with skilled assistants, is forth- 
with to be made for lepers, in order to their immediate expulsion On a par- 
ticular occasion (1372) a leper, who though oftentimes commanded to go, has 
still been rem ainin g m the city, is made to swear that he will forthwith go and 
not return, on pain of pillory In 1376, the porters of the eight city gates, are 
severally sworn that they will not allow any leper to enter the city or to stay 
in It or Its suburbs, but if any seek to enter, will prohibit him, and if he perse- 
veres, will distrain him by his horse (should he have any) and by his outer 
garment, the which shall not be given him back without leave of the Mayor, 
and, if he further endeavour, will attach him bodily and keep him m custody 
The porters are to have the pillory if they fail of this ordmance, and the respec- 
tive foremen of the Hackney and Southwark leperhouses are sworn to aid in 
givmg effect to it 


THE PLAGUE YEARS 

The pohey developed as a safeguard agamst the spread of leprosy grev 
mto a more or less stable system of preventive measures m connexion with 
the devastatmg epidemics which took a heavy toll from the town popu- 
lations This consohdated the prestige of medicme m the period of rehgious 
Reformation, when the influence of the monastic orders was destroyed 
Simon tells us 

On several occasions durmg the years to which the Remembrancia relate 
there was prevalence of Plague in London, and whenever this was or threatened 
to be the case, the City authorities corresponded about it with the Lords of 
the Council, and were directed by them what to do in the circumstances 
One severe invasion by plague was that of the years 1580-3 In 1580, the disease 
IS raging m Lisbon, and the Lord Mayor, on his application to Lord Treasurer 
Burghley, is authorized by him to take measures m concurrence with the 
officers of the port to prevent in regard of arrivals from Lisbon the lodgmg of 
merchants or marmers m the City or suburbs, or the discharge of goods from 
ships until they have had some time for airmg, and m the meantime to provide 
proper necessaries on board ships detained . In 1584 “for the stay of 
mfection m the City it had been thought good to restram the burials 
in St Paul’s Churchyard which had been so many, and by reason of former 
burials so shallow, that scarcely any graves could be made without corpses 
being laid open Some parishes had turned their churchyards into small tene- 
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ments, and had buncd m St Paul’s Churchyard It had been determined to 
restrain from bunal there all parishes havmg churchyards of their own 
The City desired the Council to issue directions to the authorities of the 
Cathedral accordingly the order not being intended to prevent any person of 
honour or worship being buried thcrc 3 but only the pestering of the Churchyard 
with whole parishes.” Then the Oxford Corporation writes to the Lord Mayor, 
with reference to the approaching Fndeswide Fair, to which it was customary 
for Londoners to repair with their wares and merchandize, and from which now 
the Lord Mayor is begged to restrain all citizens in whose houses and families 
there was infection, or who had not obtained his certificate With reference to 
assizes about to be heJd at Hertford, the Queen through the Lords of the 
Council expressly commanded the same sort of care to be taken by the Lord 
Mayor In 1583, the infection having much increased, the Council pressed 
upon the City Her Majesty’s commands “that they should see that all infected 
houses were shut up, and provision made to feed and maintain the sick persons 
therein, and for preventmg their gomg abroad, that all infected houses were 
marked, the streets thoroughly cleansed, and a sufficient number of discreet 
persons appomted to see the same done They desired to express Her Majesty’s 
surprise that no house or hospital had been bmlt without the City, in some 
remote place, to which the infected people might be removed, although other 
cities of less antiquity, fame, wealth, and reputation, had provided themselves 
with such places, whereby the lives of the inhabitants had been in all times of 
mfection chiefly preserved ” The City authorities, soon after this commumca- 
tion, informed Sir Francis Walsmgham that they have published orders which 
they mtend to execute with diligence, but that, in respect of certain incon- 
veniences — assemblies of people at plays, bear-baiting, fencers, and profane 
spectacles at the Theatre and Curtain and other like places, to which great 
multitudes of the worst sort of people resorted, restraints m the City were 
useless, unless like orders were earned out in the places adjoimng, and the Lord 
Mayor therefore moves the Council to take steps m regard of that difficulty 
In connexion with a smaller outbreak which occurred m 1606-7, we find the 
Lord Mayor mformmg the Lords of the Council that the foUowmg traditional 
order had been passed “that every mfected house should be warded and kept 
with two sufficient watchmen, suffermg no persons to go more out of the said 
house, nor no searcher to go abroad without a red rod in their hand ” And a 
marshall and two assistants had been appomted to keep the beggars out of 
the city It appears that, durmg the epidemic of 1625, the Lords of the 

Council issued orders in restramt of the traffic of carriers and higglers with 
London, and the Lord Mayor presses on the consideration of their Lordships 
that if, m consequence of these orders, the City should be restrained of victuals, 
it was to be feared it would not be m the power of himself, or the few magis- 
trates who remamed, to restrain the violence himger might enforce In 1629-31, 
Plague was agam m ascendency In October 1629 precautions were to be taken 
against arrivals from Holland and France, but at least six months before this, 
the disease was already spreading m London, and the Lords of the Council 
advising about it They had issued a book of instructions At first they had 
shut up the sick in their houses, but, on further deliberation, had thought 
it better the houses should be avoided and shut up, and the inmates sent to the 
pest-houses Referrmg to the poor Irish and other vagabond persons, pestering 
all parts of the Qty, they advised steps to be taken to free the City and hbeities 
from such pcrsotis • also to see the streets kept sweet and clean, and the ditches 
m the suburbs within the hbertics thoroughly cleansed, and they command 
the Commissioners of Sewers and the Scavengers respectively to perform 
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their duty Also, being informed that inmates and ale-houses were in excessive 
number, they required that the law be enforced against these excesses They 
reqmre that infected houses should have guards set at the door, and a red 
cross or “Lord have mercy upon us*’ set on the door, that passers-by might 
have notice They direct the City Authorities and the Justices of Middlesex 
and Surrey to prohibit and suppress all meetmgs and stage-plays, bear-baitmgs, 
tumblmg, rope-dancing, etc , in houses, and meetings for prize-fencmg, cock- 
fightmg and bull-baitmg and those m close bowling-alleys, and all other meet- 
mgs whatsoever for pastime, and all assemblies of the inhabitants of several 
counties at the common halls of London pretended for contmuance of acquaint- 
ance, and all extraordmary assemblies of people at taverns or elsewhere And 
His Majesty was pleased that the College of Physicians should meet and confer 
upon some fit course for preventing the mfection At the same ume, there 
being much mcreasc of sickness at Greenwich “all fitting means” are to be 
used “to stop and cut off all mtercourse and passage of people between that 
town and the City”, and question arises of restrictmg elsewhere, as from 
London to Exeter, and from Cambndge to London, the passage of things and 
persons * In a statement dated December, on proceedings which had 
been taken in the City under an order made some weeks previously by the 
Council, the Lord Mayor reports, among other things, these “that ancient 
women, reported to be both honest and skilful, had been appointed for visited 
houses, who appeared by certificate to have carefully disclmged their dunes, 
that infected houses had been shut up, the usual marks set upon them, and 
strict watches appointed so that none went abroad, that persons who had 
died of the infection were buned late at night, that people who would have 
followed them had been sent away by threatemng and otherwise, and that very 
few or none went with the bodies but those appointed for the purpose Some 
persons had been pumshed for removing the inscription set on i^ected houses, 
and others had been bound over to the sessions to proceeded against accord- 
ing to justice ” . In 1636, when there was agam much plague, the Ix)rds of 

the Council ordered “the levymg of rates m Middlesex and Surrey for the 
erection of pest-houses and other places of abode for infected persons, also 
directing the Justices of the Peace for Middlesex to jom with the Lord Mayor 
and Aldermen m makmg additional orders, to be prmted, for preventmg the 
increase of the infection, and authonzmg them to make such further orders 
thereon as they should sec fit, also dircctmg the Churchwardens, Overseers 
and Constables of every parish to provide themselves with books for their 
directions, and requirmg the Physicians of the City to renew the former book 
touchmg medicines against mfection, and to add to and alter the same, and 
to cause it to be forthwith prmted ”... The Attorney General is to draw 
up a proclamation for the King to sign for puttmg off Bartholomew Fair on 
account of the plague Last come a few entnes relatmg to the temble visitation 
of 1663-6, and specially mstructivc as regards the steps which were now to be 
taken m the way of dcvelopmg Quarantme. In October 1663, “the Kmg had 
taken notice that the plague had broken out m some neighbounng countries, 
and desired to be informed what course had been taken and means used m hke 
cases heretofore to prevent the conveymg and spread of the mfection m the 
City”, and the Lord Mayor, informed to this effect by a letter from the Lords 
of the Council, replies that “he had found many direcuons and means used to 
obviate the spreadmg of the infection at home, but no remembrance of what 
course had been taken to prevent its importation from foreign parts. The 
plague of 1626 was brought from Holland. The Court of Aldermen advised 
that, after the custom of other countries, vesscla coming from infected party 
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should not be permitted to come nearer than Gravesend, or such like distance 
where repositories, after the manner of lazarettos, should be appointed, into 
which the ships might discharge their cargoes to be aired for forty days 
As Amsterdam and Hamburg were known to be already under visitauon by 
the pestilence, the matter no doubt seemed pressing, and so, next day, this 
letter received its answer “the King acknowledged and approved the Lord 
Mayor^s proposal, but recommended that the lazarettos should not be nearer 
than Tilbury Hope, and that all ships, English or foreign coming from infected 
ports, should be liable to be stopped and unloaded if necessary On the 

arrival of any infected vessel a hst should be made of all persons on board, and, 
if any should die, the body should be searched before castmg it overboard 
At the end of forty days, if the surgeons reported the vessel free from contagion 
— (all the apparel, goods, household stuff, bedding, etc , having been aired in 
the meantime on shore) — it should be allowed to make free commerce 
Orders, more or less to the effect of the above recommendations, were now 
issued by the Council, and a first English Quarantine was thus established It 
was not enforced during the wmter, as the pestilence was for that season 
lulled, but about Midsummer it was again brought mto requisiuon On 
Jime 27, 1664 (and this is the last communicauon which appears m the Remem- 
brancia on the present subject) the Lords of the Council inform the Lord 
Mayor that “the plague had broken out m the States of the Umted Provmces,” 
and they direct “steps to be taken to prevent the infection from being brought 
into this country, either by passengers or merchandize, and all ships to be 
placed in quarantine, according to former orders, until the Farmers of the 
Customs gave their certificate ’’ Those endeavours to exclude by Quaranune 
the contagion of the Plague were as ineffectual as if their mtention had been 
to bar out the east wind or the new moon, and, m the samtary records of the 
Metropohs, the year 1065 has its special mark as emphatically the year of 
the Great Plague Before the middle of the year, the disease was known to be 
spreading m London where, as the season advanced, it became more and 
more prevalent, till, in August and September, when the epidemic was at its 
height the deaths by it, withm the London Bills of Mortahty, averaged m each 
week not fewer than six or seven thousand, and may perhaps once or twice 
have been as many as ten thousand withm the week What may have been the 
total fatahty of the London Epidemic cannot be exactly known, but the esti- 
mate which Macaulay adopts is, that it swept away, in six months, more than 
a hundred thousand human beings The subsidence of that terrible epidemic 
continued during the winter and sprmg of 1 665-6, ull the weekly deaths were 
fewer than fifty, but, as summer advanced, the infection again began to spread, 
and the London world was fearmg what worse renewal of the pestilence might 
yet come, when suddenly the most drastic of samtary reformers appeared on 
the scene, and what had remamed of the Great Plague yielded at once to the 
Great Disinfector The opportunity which the circumstances afforded 

for the construction of a fitter city was to some considerable extent turned to 
accoimt, but, in view of what improvement must cost, improvement was 
extensively stinted, and especially the public grudged the large expenditure 
which alone could have brought uncrowded ness of building Wren, after his 
survey of the rums had designed a scheme of reconstruction which would have 
made the new city a fitting nucleus for the metropolis of later times would 
have made it of harmonious plan, with widfe convenient thoroughfares, with 
proper standmg-room for its chief buildmgs, with spacious public quays along 
the river, and even with reasonable mterspaces of mere pleasure-ground, but 
the largeness of his proposal was beyond his contemporaries 
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ORIGINS OF VITAL STATISTICS 

Coincident with the pubhc menace of epidemics, which reached a climax 
m the Great Plague, two sigmficant occurrences which have not been men- 
tioned also merit comment One is the pubhcation of the Bills of Mortality 
which represent the first recogmtion that the census of population should be 
concerned with health as well as with taxation and the mobilization of mihtary 
resources The other was the beginnings of Life Insurance These bore fruit 
in the noteworthy pamphlets of Graunt and Petty and m the constnicuon 
of the first life table for the calculaDon of annuities m one of the earliest 
numbers of the Philosophical Transactions of the Royal Society (1693) Halley’s 
Life Table is of dual mterest It signalizes the beginnmgs of practical 
encouragement for medical science m confornuty with the interests of 
the financier It also illustrates the mtimate relation of scientific enquiry to 
contemporary social problems durmg the period when Enghsh science was 
at the highest level it attamed before it received a new impetus from the nse 
of chemical manufacture 


PREVENTIVE MEDICINE AND THE NEW HUMANITY 

The control of epidemic diseases gives us the first picture of a Govern- 
ment m conference with an organization of scientific experts, and incidentally 
also of the circumstances which led to the orgamzation of expert knowledge 
as a social institution In the Middle Ages the tramed physician and surgeon 
was still a perquisite of the rich The common people of England enjoyed the 
blessmgs of unrestricted private enterprise, until the Royal College of Sur- 
geons received its Charter from Henry VIII Thenceforth the barber’s 
operations were confined to the scalp 

Indeed, we may regard the foundation of the Royal Colleges of Physicians 
and of Surgeons as the first step towards the formation of those academies 
and mstitutions which, like the Enghsh Royal Society chartered m the 
reign of Charles II, have made the pursuit of science m some measure a 
social institution with an internal momentum of its own This mternal 
momentum of the scientific movement can easily be exaggerated, because, 
like other social institutions, it has an orgamc relation to its fellows The 
Enghsh Royal Society, and not less the French Academy, founded about 
the same time were both formed by men who believed that “the goods of 
mankmd might be much mcreased by the naturalist’s msight into trades”, 
and they both suffered a temporary echpse when their activines became 
less closely related to hve contemporary issues 

The process of conference between the executive and a permanent panel 
of experts, once begun, has contmued ever smce Small-pox and cholera 
in turn became a pubhc menace sufficient to compel legislation designed to 
ensure a national minimum of health The latter led to the appomtment of 
a Central Board of Health, and thereafter local government became m- 
creasmgly preoccupied with the mamtenance of a national minimum The 
Aa which miuated this Board m England followed half a century after the 
Board of Agnculturc was set up (1793) as a war-time precaution for ensurmg 
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food supplies Together they represent the first two important steps towards 
a rationally planned organization of the fruits of saentific knowledge Their 
existence signalizes an awakening public recognition of our common social 
responsibihty to make available to all ±c benefits bestowed by saentific 
knowledge 

The vigorous public measures which were adopted to deal with small-pox 
and Asiatic cholera m the first half of the nmeteenth century comaded with 
important advances m knowledge of the ongms and treatment of epidemic 
diseases An mcident which occurred m the latter end of the eighteenth 
century forced on the admmistianon the need for public health measures 
m a different context What Florence Nightmgale acbeved m the middle of 
the nmeteenth century is not more spectacular, if more famihar, than 
the work of physiaans and surgeons like Pnngle and James Lmd, who began 
the task of hygiemc reform m the fightmg services Lmd’s essay on the 
Health of Seamen is a landmark m medicme for several reasons 

Till the eighteenth century there had been httle classificauon of diseases 
as natural phenomena with characteristic mdividual features Nothmg precise 
was known about the circumstances which are responsible for the occurrence 
of the few diseases like ague, or as we now call it malana, then recognized 
as distmct clinical entiaes This is not surprismg when we consider the 
complexity of the problem m the hght of modem knowledge Liabihty to 
disease mvolves both the constituuon of the mdividual and the environment 
to which the mdividual is exposed Generally speakmg it is not easy to decide 
which IS more important without elaborate methods of research However, 
there are two classes of diseases which betray their distmctive features to 
immediate inspection These are (a) regional diseases which are charaaenstic 
of a locality (e g malana and syphilis, when it was apparently brought from 
the New World and first desenbed by Frascatorius m the sixteenth century), 
Q}) occupational diseases which are characteristic of a particular mode of life 

The ailments of the mmer (see Chapter VIII) set the problem w^hich 
led to the first real understandmg of respiration From everyday experi- 
ence of the world’s work biology received a second impetus m combat- 
mg the ravages of disease among sailors, when protracted voyages were first 
undertaken m latitudes where supplies of fresh vegetables m winter were 
difficult to obtam Vasco da Gama lost 100 out of 160 men when he rounded 
the Cape m 1498 This death toll was a common occurrence of the Great 
Navigations It was mainly due to the disease called scurvy^ whose charac- 
tensac symptoms are swellmg and bleedmg under ±e skm and elsewhere 
with growmg weakness and pam In 1593, Hawkms cured a ship’s company of 
scurvy by makmg them all dnnk lemon )uice 

At the time when Lmd’s essay was written, scurvy, says Simon, still used 
“to cripple fleet after fleet ” The importance of Lmd’s essay does not lie so 
much m the ongmahty of its contents as m the fact that it brought together 
the pracucal expenence of enhghtened navigators, and proved influential m 
persuadmg others to benefit from the bitter lessons which practical expen- 
ence had taught Notable among those who responded was Captam Cook 
In 1776, when the Royal Soaety awarded the Copley Medal to Cook m 
honour of his paper on “The Method taken for prescrvmg the Health of the 
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Crew of His Majesty’s Ship, the Resoluuon,” the president referred in 
memorable words to the success of Cook’s efforts m response to the lead which 
James Lind had given They may be commended to those who think that 
anything is gamed by exaltmg pure science to the detriment of its applica- 
tions The reward was 

to crown that paper of the year which should contam the most useful and 
most successful experimental inquiry Now, what inquiry can be so useful as 
tliat which hath for its object the saving of the lives of men and when shall we 
find one more successful than that before us? Here are no vain boastings of 
the empiric, nor mgenious and delusive theories of the dogmatist, but a con- 
cise, an artless, and an mcontested relation of the means by which under the 
Divine Favour Captain Cook with a company of 118 men performed a voyage 
of three years and eighteen days, throughout all the climates from 52'^ North 
to 71'’ South, with the loss of only one man by a disease 

Thereafter the Admiralty ordered a supply of lemons m all ships of the 
Bnush Navy, and scurvy disappeared Simon remarks, “smce the days of 
Anson’s expedition” it *‘has become an almost forgotten disease ” The work 
of Prmgle and Lmd m drawmg attention to what may be called the occu- 
pauonal diseases of the army and navy also helped to estabhsh the identity 
of a group of infectious conditions previously descnbed separately as ship 
fever, hospital fever, and gaol fever They are now called typhus^ a condiuon 
which IS practically extma m twentieth-century Bntam, though it was 
rampant m Tsanst Russia 

The social background of this important advance agam emphasizes the 
debt of biological saence to high valuation of human life In Europe and m 
America the half-century which preceded and that which followed the 
French Revolution witnessed a rapid and articulate growth of humamtanan 
sentiment culminatmg m the a^huon of slave ownmg throughout the 
Bnush possessions, a succession of reforms m the management of prisons 
and the wholesale abohuon of capital punishment for trivial acts agamst 
property In Bntam hangmg was soil meted out for over a hundred offences, 
includmg shopliftmg and the fellmg of trees These reforms took place m 
the openmg years of the runeteenth century. The exposure of English gaol 
condiuons by Howard m the latter half of the eighteenth century revealed a 
festermg focus of physical, no less than moral, disease m the body politic 
He devoted years to the visitation of Enghsh prisons, recordmg with meucu- 
lous saenufic care the state of affairs which he observed 

Simon says that when the author of the Winter^s Journey received the 
thanks of the House of Commons for these years of labonous study, pubhc 
recogmuon of his services was no less an tmtantia lampadis of prevenuve 
medicme than was the Copley award to Cook Perhaps no faa bears more 
stnkmg testimony to the influence of what Simon calls the “new humanity” 
than the name of the writer who first made a dear distmcuon between 
preventive and curative medicine History is daily jusufymg the opUmism of 
Condorcet, as it is daily discrediting the theories of his cntic Malthus 
Havmg recognized the debt of medicme to the monastic orders, we should 
not overlook the fact that the new humamty was essentially part of the 
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social ethic of the French revolution Partly as such, and partly by its asso- 
aation with Nonconformist bodies it encountered the sohd opposition of 
the bishops’ benches when the Ronully bills to abohsh capital pumshment 
for trivial offences passed the BriUsh House of Commons 
Growmg respect for the value of human hfe, revolt agamst the toleration 
of unnecessary suffermg, the extension of life msurance and the fear of 
epidemics bore fruit m one type of legislation which exerased a deasive 
mfluence on diagnostic medicine The mortahty bills of the Stuart period, 
and the Annual Register of births and deaths begun m 1836 m England are 
milestones m a series of pubhc provisions for the regular collection of medical 
statistics Similar provisions were made on the Continent Their effect was 
to place on the medical profession the responsibihty of giving a precise 
description of the patient’s condiuon before death Vague general terms like 
plague or the various synonyms by which one and the same disease like typhus 
was designated gave place to the systematic classification of disease The 
search for significant characteristics by which disorders arismg from one 
and the same source could be identified was mcorporated m pubhc pohcy 
Awakenmg mterest m pubhc statistics of health at the end of the seven- 
teenth century drew on other sources Thus Petty, who ranks with Graunt 
and Halley as one of the founders of vital statistics, collected mortahty 
figures for the leadmg French and Enghsh hospitals of his time The import- 
ance of such studies m stimulatmg medical research is suflSciently illustrated 
by Petty’s conclusion as stated m his own words “If the proportion of 
those that died out of the L’Hotel de Dieu is double to those that died out 
of La Charite then it follows that half the said numbers did not 
die of natural necessity but by the evil admimstration of the hospitals ” 
Paradoxical though it may seem, the hospital has advanced preventive 
medicme till comparatively recent times almost as much by actmg as a focus 
for disease as by providmg opportumty for studymg curative measures In the 
eighteenth century hospitals were a breedmg ground for typhus (hospital 
fever), and m the mneteenth century the matermty ward was still a breedmg 
ground for puerperal fever Comparison of the records of dilferent hospitals 
helped to direct attention to the circumstances which promote the occurrence 
of these conditions, and hence to the necessary measures to prevent their 
mcidence 


THE NEW ANATOMY 

The medical man of the Middle Ages — physiaan and algebraist — was a 
person versed m the science of his time He even had a smattenng of astro- 
nomy, because the influence of the planets on the organs of the body was 
still an article of faith Much of the genume knowledge he possessed, such 
as his knowledge of herbs, was hardly more relevant to the success of his 
professional activities 

The few specifics like meroiry compounds mtroduced for the treatment of 
syphihs early in the sixteenth century, the half a score purgauves, apenents, 
and antifebrile herbal preparations makmg up the biilk of any genumely 
remedial treatment the physician had to offer, scarcely required a permanent 
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wntten record of medical lore If we ask m what sense medieval medicme 
was guided by a corpus of knowledge sufficiendy comprehensive to merit 
the name of science we must turn to the practice of surgery Settmg fractures 
and staunchmg bleedmg from wounds call for some detailed knowledge of 
the skeleton and the blood system Along with this, general descriptions of 



Fig 384 — Wood-cuts by DItrer (1471-1528) Illustrating the New Interest in 
the Technique of Accurate Representation which went Hand in Hand with 
THE Revival of Anatomy 

(Albrecht Durer, Vnterweysung der Messung, 1325 and 1538) 

the disposmon of the various organs of the body had been undertaken from 
the time of Hippocrates onwards The most notable of the descriptive 
anatomists of the Roman world was Galen, who lived m the second century 
of the Chnsnan era What Ptolemy did for Alexandnan astronomy, Galen 
accomphshed for Alexandnan medicme Like the Almagest, Galen’s Anatomy 
became a textbook of Moorish saence From the Moonsh centres of 
leammg it was mtroduced into the medieval medical schools. 
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Two circumstances conspired to awaken interest m anatomy and to 
sumulate more careful study Without adequate illustrations the best treatise 
on anatomy is uruntelhgible. When the prmtmg trade was able to issue books 
with competent illustrative matenal, it was mevitable that the accuracy of 
the texts would come under closer scrutiny Simultaneously a new naturalistic 
motive m the world of art had taken root m Italy Some of the great masters 
of the Italian Renaissance, like Leonardo daVma,were not less distmguished 
for their contributions to anatomy than for the works with which their names 
are customarily coupled It was now possible to distnbute books suitably 
furmshed with pictorial matter, which bamshed futile disputes about the 
mterjiretation of texts 

Italian art made anatomy a live subject, as the cinema might be used to 




Fig 385 — 'Wood-cuts by DUrer to Illustrate ihc “Canon of Proportion ” 
UUrer, like His Contemporary Leonardo da Vinci, had Used Dissection as 
AN Aid to the Naturalistic Portrayal of the Human Body ^Ie was Equally 
Successful in the Accurate Representation of Plants 
(Albrecht Dtirer, Menschhcher Proportion, 1528) 

make mathematics a hve subject if every school were equipped with a pro- 
jeaor The great descriptive treatise which marks the maturity of the study 
of surgical, as opposed to physiological, anatomy is the De Fabnca Humam 
Corporis of Vesahus published in the same year (1543) as the De Revolu- 
tionibus of Copernicus and illustrated by a disciple of Titian The many topo- 
graphical errors of the Galenic texts were rectified, and a reliable map of the 
human body was now available for general use 
Between the anatomy of Vesahus and that of the present day there is all 
the difference between an accurate outline map with the several national areas 
distinguished and an atlas showing ocean currents, contours, rainfall, winds, 
exports and natural resources With a few mmor exceptions the bulk of any 
genuine information contained m the De Fabnca about the work which the 
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several regions (organs) of the body do must have been available from the 
dawn of civilization Even the elementary fact that muscular contraction 
mvolves change of shape without any change of volume of the muscle was 


\ E*ALII BBVXELLB-JsIS 



Fig 38G — One of the Drawings Illustrating the Human Muscular System 
FROM THE FABRICA Of VeSALIUS 

not demonstrated before the work of Swammerdam (Fig 387) in the seven- 
teenth century This remamed unpubhshed until 173G The respiratory organs 
were simply the channel through which the anuna escaped Beyond the fact 
that the unne flowed from the kidneys mto the bladder nothmg was known 
about excretion of urme The regions of the ahmentary canal or gut had 
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long since been named (Fig 388), and the large digestive glands (salivary^ 
hver and pancreas) were distmguished With scarcely any chemical science 
to guide biology, the use of the digestive secreuons was totally obscure 
As for the ductless glands about which so many important discoveries have 
been made m recent times, current behefs were entirely fantastic The name of 
the pimitary gland (p 1042) is derived from Galen’s doctnne that it secretes 
the phlegm which is in reality produced by the mucous membrane of the 
nasal tract Even m the seventeenth century Descartes defended the doctrme 
that the soul (which had now been detached from the act of breathmg) was 
located m the pmeal gland 

The one respect in which Vesahus’ knowledge of the working of the body 



When movement of limbs is produced by the contraction of a muscle, change ol 
shape IS not accompanied by any appreciable swelling (i e volume change), as shown 
by the constant level of fluid (L) m an air-free vessel contaming a freshly exercised 
muscle and attached nerve which can be stimulated by an electric current In an 
analogous experiment first done by Swammerdam durmg the seventeenth century, a 
fine piece of silk pulled the nerve against a loop of wire to stimulate contraction 


was notably m advance of Galen is important, because his conclusions were 
based on actual experiments on the part which the nerves play m transnuttmg 
messages to the muscles Recourse to experiment, havmg once begun, has con- 
tinued to receive fresh impetus from a succession of new discoveries in the 
science of materials and of power production and from the elaboration of 
instruments which the older anatomy could not command 


THE CIRCULATION OF THE BLOOD 

Systematic study of how the body works began with the most elemen- 
tary problem suggested by surgical practice, i e how bleeding occurs The 
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discovery of the answer coincided with other advances, and discloses 
the impact of growing scientific interest in a purely physical problem 
(Chapter VII, p 368) The recogmtion that the heart is a pump came when 
people began to regard the pump as a device of scientific interest 
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Fig J88 — The Alimentary Canal, its Associated Structures, and 
THE Lungs in Man 

In thiSj and aJl similar, figures the organs are seen m ventral view (1 e from the front, 
in man), so that the organs of the right side appear on the left of the diagram and 
vice versa As drawn, the liver is tucked under the stomach 


In the anatomy of Vesalius, as in that of his predecessors, ±e blood was 
supposed to ebb and flow forwards and backwards m the veins and arteries * 

* Galen had taught that the blood of the vems was made from the products of 
digestion m the hver The hver was also entrusted with the task of chargmg it with 
natural spirit Ebbing and flowmg in the veins, it eventually reached the right side of 
the heart Here, impuriues were supposed to be earned off by the pulmonary artery 
to the lungs, and it then ebbed back agam mfo the veins But a small pomon of it was 
held to pass through mmute channels m the intcr-ventncular septum into the left 
ventricle, where it mixed with air brought from the lungs by the pulmonary vem 
Vital spirit, produced by this mixmg of air and blood, was then distnbutcd through 
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The microscope had not yet made it possible to see the blood flowing through 
the minute vessels called capillaries which penetrate all the tissues of the body 
Though Vesahus, who dissected the terminal twigs of the branching arteries 
and the finest tributaries of the venous system, expressed the suspiaon that 
they might be one continuous channel, no direct evidence for this conclusion 
could be obtamed by dissection alone 

That the heart works as a pump, mamtammg a continuous flow from the 
thick-walled artencs through the capillaries mto the vems and thence back 
again, w^as suggested by a discovery which bears witness to the new temper 
of precise and patient observation following the decline of mere logic and 
the authority of the wntten word Fabncius, a co-teacher with Galileo at 
Padua, when Harvey studied there, described the watch pocket valves of the 
veins (Fig 244) These valves are constructed so as to prevent blood from 
flowing away from the heart Similarly the valves which guard the orifices 
of the great artenes where they emerge from the heart prevent the blood from 
going back into it 

The heart of a warm-blooded v ertebrate (mammal or bird) consists of four 
chambers, two thm-walled auncles receiving the main vems, and below 
them (Fig 389) two thick-walled ventricles which give off the mam artenes 
The auncles are separated from the ventricles bv valves which only let blood 
flow into the latter The two sides of the heart are completely separated 
The only commumcauons are between the right auricle and right ventncle — 
both of which contam dark blood of a purple hue — and between the left 
auricle and left ventricle — both of which contain bright scarlet blood Valves 
(Fig 389) prevent the blood from flowmg backwards from the ventricles 
mto the auncles The right ventncle only sends out the pulmonary arteries, 
which supply the lungs The right auricle receives blood from the two large 
caval vems (venae cavae) into which smaller vems pour blood from all the 
organs of the body except the gut and the lungs The left auricle receives 
blood from the lungs by the pulmonary veins, and the left ventricle gives off 
the great artery called the aorta, from which smaller artenes, hke the carotid 
arteries of the neck, take blood to all pans of the body except the lungs 

By various classes of experiments mcludmg the exposure of the heart by 
cutting away the ribs and also the severance of vessels, Harvey obtained direct 
proof that the blood flows in a contmuous circuit * Direa inspection of the 
heart shows that the auricles contraa, squeezmg out blood into the dilated 


the ebb and flow of blood m the artenes Reaching the base of the brain, some of the 
vital spirit was elaborated into animal spirit and this was supposed to be distributed 
through the nerves, which were thought to be hollow 

Vesalius had doubts about the existence of pores in the inter- ventricular septum 
Servetus and Realdus Columbus had demonstrated the one-way traffic m the pul- 
monary circulation Harvey completed the picture by showmg that what is true of the 
pulmonary circulation is true of the rest of the blood stream 

One of Harvey’s experiments is illustrated in Fig 245 and is easy to repeat 
It shows clearly the falsity of the Galenic doctrme that the blood ebbs and flows 
in the vems The arm is bandaged tightly and the veins beneath the skm become 
distended, the valves appearmg as swellings m the course of the vems If now the blood 
IS pressed along a vem from the valve O to the pomt H, this part of the vem docs not 
refill from beyond the valve O The valve prevents the flow of blood away from the 
heart Nor can blood be pushed by the finger past a valve m a direction away from 
the heart 
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ventricles, before the latter begin to contract squeezing out blood into the 
arteries When an artery is cut, bleeding only occurs on the side connected 
with the heart When a vein is cut, bleeding only occurs on the side away 



Fig 389 — Diagram of Main Paths in the Huzwan Blood System 

The smaller arteries connected with the smaller vems by the fine network of capillaries 
penetraung all the tissues are collecuvely represented by six spongy masses Blood 
comes back from the head and arms, the trunk and legs and from the liver by two 
mam vems which discharge mto the thm-walled right auricle When this contracts, 
the blood is forced into the right ventricle, till the latter, bemg filled, is closed by the 
right aunculo- ventricular valve The contraction of the right ventricle forces the blood 
mto the pulmonary artery from which it cannot flow back, because of the valves placed 
at Its base Replenished with oxygen in the lungs, the blood returns to the left auricle 
by the pulmonary vem It is then discharged mto the left ventricle, then by the mam 
artery or aorta to the organs of the body other than the lungs The blood from the gut 
or ahmentary canal does not flow back direaly to the mam vem (post-caval or inferior 
vena cava) of the trunk It is collected by a large vem, the hepatic ponal, which branches 
like an artery, dischargmg its blood through the capillary bed of the liver (see p 798), 
so that all the blood-carrying absorbed foodstuff from the mtestme has to pass through 
the hveribefore it gets into the general circulation If you have any dif&culty m remem- 
bcrmg the right' and left onentauon of the circulauon the followmg mnemomc will help 
LIFE-GIVING BLOOD LEAVES LUNGS FOR LEICT AURICLE REDUCED BLOOD RECEIVED BY RIGHT 
AURICLE FROM REST OF BODY. 
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from the heart Thus the circiut appears to be so arranged that all the blood 
flows from the right ventricle to the lungs where it becomes bright red, 
thence to the left auricle, mto the left ventricle, and thence to xht nssues of 
the body other than the lungs, retummg finally mto the right auncle by the 
smaller veins which coalesce to form the venae cavae Harvey chnched the 
matter by a simple calculation His study of the action of the heart and the 
arrangement of its valves showed him that the blood could only pass through 
the heart in one direction If the left ventricle holds 2 oz and beats 72 times a 
minute, it will pump to the body every hour 8,640 oz of blood, or more than 
three times the weight of a man Where, he asked, is all this blood to come 
from or go to^ Clearly it must come m some way from the vems, the same 
blood circulatmg again and agam 

In a different social context the mere recogmtion that the blood flows in 
a continuous circmt might have attracted far less attention Indeed it is 
perhaps more remarkable that Harvey’s doctnne emerged at such a late date 
m the history of European medicme It appears to have been recogmzed 
by Chmese physiaans at a very early date It is alleged that the Chmese had 
even attempted to estimate the rate of flow of the blood Tson-Tse m the 
sixth century B c is said to have taught that 

the blood flows continuously like the current of a river or the sun and moon in 
their orbits It may be compared co a circle without beginmng or end The 
blood travels a distance of six inches m our respiration, makmg a complete 
circulation of the body fifty times a day * 

What is specially sigmficant about Harvey’s discovery is that it happened 
when people were mterested m another class of problems which arose from 
the same social background as the mechamcs of the pump Harvey’s dis- 
covery came when “the health and accidents of the mmer” (pp 404 and 410) 
were beginning to direct attention to ventilation and the physiological 
problems of respirauon Then agam, it immediately preceded the introduction 
of the simple microscope and of a new agncultural economy m Britam 
Direct observauon of the missmg hnk which is not accessible to mspection 
of the naked eye came fifty years after Harvey’s work, when Malpighi and 
others used the microscope to reveal the capillaries or finest vessels He 
saw blood flowmg through them m one direction, as is easy to do if we 
put the web of the frog’s foot under a low power magnification 

One inference from Harvey’s experiments gave them ulterior importance 
in relation to new discovenes about the gaseous state The blood loses its 
bright red colour m the mmute vessels which thread the tissues of the body 
as a whole and regains it m the capillanes of the lungs which, as Malpighi’s 
observauons showed more clearly, are m close contact with the air sucked 
into the lungs by the act of breathmg In other words, the circulation is 
arranged so as to ensure that aU the blood which goes to the tissues is scarlet 
and all the blood which goes to the lungs is purple The work of Hooke and 
Mayow showed (p 413) that an animal dies u^ess its lungs are ventilated 

* This passage is cited by Drs Benkov Kuan Chin Penn and Pei-Lung-tang (cf 
Neio York Nation^ January 11, 1933) The writer has not checked the source of the 
reference given 
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With fresh air, that this air is as necessary to ±e activity of the body and the 
maintenance of the body heat as it is necessary to the conunued burning 
of a candle Like the latter the lungs replace “mtro-aenal particles” (le 
oxygen) by fixed air Thus the lungs are the organs m which the blood 
loses Its purple colour and gives up carbon dioxide They are also the organs 
where the blood gams its scarlet colour and takes up oxygen Slare, a 
contemporary of Mayow, drew the obvious inference verified more con- 
clusively by Priestley, who showed that scarlet blood shaken m a vacuum 
becomes purple and regams its original hue, after further shaking if air is 
readmitted 

So Harvey’s work was immediately followed by a new understandmg 
of the work the lungs do Subsequent advances m the study of respiration 
emphasize the stimulus derived from enquiry mto dccupational diseases 
which excited no concern while medical care remained exclusively a luxury 
of the well-to-do After the work of Priestley there was httle progress towards 
further knowledge of the way m which the work of the heart is related to the 
work of the lungs until the latter end of tlie mneteenth century Several facts 
of social life then conspired to stimulate mterest m the nature of respiration 
The buildmg of submarme tunnels, like the London underground system, 
and the use of divers m constructing bridges and laymg telegraph cables 
exposed workers to new risks In addiuon the occupauonal dangers attendant 
to mimng increased as deeper shafts were made 

Passages from Agncola’s sixteenth-century treatise dealmg with the safety 
and health of the miner have already given u$ (pp 404 and 410) an important 
clue to the social background of such pioneer researches as those of Hooke and 
Mayow The same issue re-emerged with increasing importance in the mne- 
teenth century when Davy’s mvention of the safety lamp proved a successful 
safeguard against much avoidable loss of life In its closmg decade the seeds 
of a rationally planned economy based on real knowledge are begmmng to 
germinate The Government took a hand in promoting research into coal- 
gas poisonmg in British mines With new analytical techmque and instru- 
ments which were not available m Priestley’s time, J S Haldane began 
researches which have taught us much about coal-gas poisonmg and how to 
prevent it, and have also thrown hght on the disorder called anaemia Let us 
now look briefly at some of these more modem discoveries m the trail which 
Harvey blazed 


THE RESPIRATORY FUNCTION OF THE BLOOD 
The contmuous supply of oxygen to the tissues by the pumpmg action 
of the heart depends on the fact that the blood of most active large animals 
contams a “respuratoty pigment ” In the blood of vertebrates (mammals, 
birds, reptiles, amphibia and fishes) and m that of many worms the respira- 
tory pigment is the purple-red haemoglobin which assumes a bright scarlet 
hue when combmed with oxygen (oxyhaemoglobm) That of many Crustacea 
(lobsters and crabs) and many molluscs (snails, cuttlefish) contams haemo- 
cyamn which is deep blue when exposed to air and completely colourless 
when shaken m a vacuum to remove the oxygen 
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Both pigments are protems which contam, m addiuon to the customary 
elements present m other protems, a metal, iron (haemoglobin) or copper 
(haemocyanm) Their power of combmmg loosely with oxygen makes them 
able to give up oxygen m the capillaries, where the dissolved oxygen is scarce, 
owmg to the fact that the tissues are using it up Their presence m the blood 
enormously mcreases the amount of oxygen it can carry Thus 100 cc 
of human blood at room temperature take up 18 c c of oxygen from air 
at atmospheric pressure But for the presence of haemoglobm it would 
not take up more than ordmary water with the same salts as those dissolved 
m blood, 1 e about three-quarters of a cubic centimetre of oxygen 

Coal-gas poisomng (cf p 170) depends on the fact that carbon monoxide 
combines much more readily with haemoglobm than does oxygen So a very 
small quantity of carbon monoxide will dnve out oxygen from the blood of 
red-blooded animals, forming carboxyhaemoglobm which is recognized by 
Its spectrum and bright pinkish hue The pink flush which the skin exhibits 
when a person is poisoned with coal gas depends on the fact that the reduced 
haemoglobm of the blood m the capillaries is more or less completely replaced 
by carboxyhaemoglobm The complexity of the protem fraction umted to an 
iron compound in the molecule of haemoglobm is different in different species, 
and the haemoglobins of different speaes are not precisely idenucal Some 
have much greater aflinity for carbon monoxide than others Some combine 
with oxygen more readily than others Hence some speaes are much more 
susceptible to coal-gas poisomng or much more sensitive to oxygen deficiency 
than others 

The ease with which carbon monoxide combmes with haemoglobin is 
shown by the faa that blood is fully saturated (about 16 c c of CO per 
100 c c of blood), if shaken up with a mixture of 0 5 per cent of the gas and 
OD 5 per cent mtrogen It takes at least 15 per cent of oxygen (mixed with 
85 per cent mtrogen) to conven all the haemoglobin into oxyhaemoglobm 
Air normally contains 21 per cent oxygen If as httle as 1 part in 3,000 of 
carbon monoxide is present about 30 per cent of the haemoglobm m the 
blood of a person who breathes it is converted mto carboxyhaemoglobm 
Beyond this pomt dizzmess supervenes If the air contams 1 part m 250 of 
caibon monoxide more than 75 per cent of the haemoglobm is put out of 
action, and death then results In a well-ventilated room an ordmary gas 
leak wnuld not raise the percentage of carbon monoxide above this level, and 
would rarely be fatal The appiopnate treatment is a simple apphcation of 
the known facts about the chemical behaviour of haemoglobm Smee coal-gas 
poisoning m mmes (or carbon monoxide poisoning m garages) is due to the 
fact that a very small quantity of carbon monoxide can compete successfully 
with the normal concentration of oxygen, the thin g to do is to mcrease the 
proportion of oxygen taken in, by makmg the patient breathe pure oxygen, 
which gradually displaces the carbon monoxide from combmation with 
haemoglobm 

Another occupational condition which depends on the gas-carrymg 
capaaty of the blood is Caisson disease This is of importance m connexion 
with divmg, submarme work and makmg deep tunnels It can be produced 
experimentally by puttmg animals m a chamber imder high atmosphenc 
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pressure If the pressure is suddenly released the result is the same as re- 
leasing the tnggcr of a soda-water siphon The extra gas (nitrogen and 
oxygen) dissolved m the blood under the extra pressure comes out of solution 
as bubbles Frothing m the artcnes results in numbness of the limbs If they 
coUea in the heart, the bubbles may stop the circulation with fatal results 
The victim, if soil ahve, can be cured by raismg the atmospheric pressure 
oil ±c gases arc redissolved If the pressure is then very slowly lowered to 
the normal level the excess of gases escapes from the lungs without formmg 
bubbles In usmg the “divmg bell” it is therefore important to lower the 
pressure very slowly when conung to the surface 
While progress m the study of respiraoon has been largely due to the 
impetus denved from the study of occupaoonal diseases, advancing know- 
ledge about other aspects of the circulaoon illustrates the debt of medicme 
to the mechamcal saences and to new physical apparatus which they have 
made available for general use The pumpmg mcchamsm of the circulaoon 
ensures a supply of food as well as of oxygen to all parts of the body The 
need for oxygen, unlike the need for food, is cononuous This is shown by the 
fact that It takes very little tune to die of suffocaoon and a very long while 
to die of starvaoon. Hibemaong animals, like the dormouse or bats, may go 
for months without food Hence carrymg oxygen to the tissues is much the 
most important thing about the work the heart does 
This IS illustrated m a stnkmg way by the faa that the heart of mseas, 
though built on the same plan as that of their nearest allies, shrimps, crabs, 
spiders, scorpions, etc , is extremely degenerate, and generally useless The 
reason why msects can get along quite well without a functional arculation 
is that a senes of pores on either side of the body lead mto a branchmg 
system of fine tubes with spural thickemngs, first desenbed by one of the 
earhest microscopists, Malpighi These tubes, called tracheae (Fig 441b), 
penetrate to the innermost tissues, so that oxygen can diffuse into the deepest 
regions of the body without the mtervention of a blood stream Apparently 
the diffusion of foodstuffs through the fluids m the cavities which penetrate 
the tissues meets all the workmg requirements of the animal 
The food requirements of the animal body will be discussed later The 
blood IS important m other respects It carries the chemical telegrams of the 
body called hormones (Chapter XXII) It is also concerned with resistance 
to disease and with heat regulauon m warm-blooded anunals The problem 
of heat regulation has been the subject of research, ever smee Harvey’^ 
work, which coincided with the mvenaon of the ±ermometer From time 
immemonal excessive warmth of the skin has been recognized as a general 
charactensuc of fever, or as we should now say diseases due to micro- 
orgamsms. The chmcal use of the thermometer made it possible to diagnose 
the onset of fever by a more dehcate test. 


THE BLOOD FLOW 

The way m which the body temperature of a mammal such as the human 
speaes is mamtained at fairly constant temperature (about 98® F. or 37® C. 
m a healthy adult human b^g) depends on the fact that the artenes and 
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veins have a muscular coat by which the width of the channel can be mcreased 
or dimmished The finest vessels or capiUanes, which form a network m the 
tissues connecting the terminal branches of the artenes with the finest 
tributaries of the vems, are also contractile As explamed on p 601, the drop 
of pressure between the large arteries and the veins depends on the bore of 
the finest vessels (arterioles and capillaries) This was one of the discoveries 
made when scientific mterest in the pump was directing enquiry into the 
characteristics of fluid pressure and flow 

Stephen Hales, the Enghsh physician, whose work on coal gas has been 
mentioned (p 418), made the first pressure-gauge measurements on arteries 
and veins m the early years of the eighteenth century The study of pressure 
variations did not progress till the compound microscope revealed the muscle 
fibres of the finer arteries If a pressure gauge is connected with a cut artery, 
the end of which is chpped while the connexion is made, a high pressure 
will in general sigmfy that the finer blood vessels are constricted, and a low 
blood pressure will m general signify that they are dilated Smce a flmd 
commumcates pressure m all directions, the blood pressure of a human bemg 
can be taken, as is often done at a medical overhaul, by findmg the increase 
of atmospheric pressure necessary to squeeze the large vessels flat so that no 
pulse is felt (Fig 390a) An unusually high blood pressure is a premomtory 
sign of apoplexy 

The amount of blood flowmg through an organ varies How it varies can 
be studied by recordmg carefully the blood pressure, the heart rate and the 
total volume of the organ under various conditions The volume of an organ 
can be recorded by closing it with a rubber bag and notmg the air pressure 
in the bag (Fig 390 b) To some extent the blood flowmg through an organ 
IS adjusted to the oxygen reqmrements of the moment Other thmgs bemg 
equal, the rate at which a tissue can take up oxygen depends upon the amount 
of blood which flows through it m umt time Now the flow of a hqmd through 
a tube of uniform bore depends upon the force propellmg it, the length 
traversed and the sectional area of the tube Only the first and the last of 
these need be considered m connexion with the circulauon smce the length 
of tube traversed is approximately constant m the blood vessels As the activity 
of the heart is an intermittent quantity, the average force of the heart-beat 
depends partly on the frequency of the beat, or pulse rate, and partly on the 
amplitude or strength of the individual beats Heart muscle reacts to stretch- 
ing by increased frequency and amphtude of beat, so that any increase in 
the resistance of the finer blood vessels calls forth more powerful action on 
the part of the pumpmg organ 

The heart beat is also regulated by two sets of nerves, branches of the 
sympathetic system (p. 1025) and of the vagus respectively. The former dis- 
charge impulses tending to augment and the latter to inhibit the heart beat 
The mcreased pulse rate foUowmg excitement or excessive exercise is due to 
the action of the former. The vanations of heart rh)^thm that are thus possible 
affect only the circulation as a whole Changes m the blood supply of smgle 
organs are possible on account of the fact that both the artenes and the veins, 
like the mtestme, have walls with a double coat of plam muscle, one coat with 
the fibres arranged circlewise and one with the fibres arranged lengthwise 



When Life is Cheap 805 

The extent of contraction of these muscle fibres is under nervous control, 
and any change in the extent of contraction of the muscular walls of the 
blood vessels means that the diameter of their bore is mcreased or 
dimimshed 

The capillaries have no muscle fibres m their walls, which are formed of a 
single layer of cells The latter possess a measure of contractihty Blushing 
results from dilation of the smaller arteries and capillaries of the skm of the 
face, and the flushing of the skin after vigorous exercise gets rid of the surplus 
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Fig 390 — (a) Mbasuring the Arterial Blood Pressure in Man 
(b) Measuring the Volume Changes op a Limb 

heat produced Loss of heat from the surface of the body, when exposed to 
cold, is reduced by constriction of the blood vessels of ±e skin, hence the 
whitening of the surface after bathmg m very cold water Sometimes the 
capillaries remam dilated while the smaller arteries are almost completely 
closed up When this occurs, stagnant pools of blood occur in the capillary 
network and as their oxygen is used up the blood itself becomes completely 
reduced. This is what happens when the tips of the fingers become blue on 
a cold day. 
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The blood of most animals is never warmer than the atmosphere, and they 
cannot withstand either great cold or warmth at which birds and mammals 
can easily live Our blood is kept at a constant temperature (about 37° C ) 
in ordmary arcumstances When we are exposed to a warmer tempera- 
ture or produce excessive heat by muscular activity, secretion of sweat takes 
place The evaporation of sweat from the surface of the body absorbs heat, 
and so keeps the surface cool Shivermg is also a means of regulatmg body 
heat We have lately learned more than we used to know about it owmg to 
promotion of low- temperature research in connexion with cold-storage 
problems The skm has nerve endings which are sensitive to extreme cold 
When the surface temperature is lowered unduly, they transmit messages 
which produce muscular twitching Early m the history of the animal machme 
Lavoisier’s expenments showed (p 596) that muscles produce more heat 
when active So the eflfea of shivermg is to raise the body temperature, and 
hence compensate the loss of heat at the surface. 


THE MARRIAGE OF SURGERY AND HUSBANDRY 

The experimental method on which Harvey’s researches were based began 
a new tradition, which was earned on by leaders of the surgical profession 
like John Himter durmg the seventeenth and eighteenth centuries Gradually 
the work done by the prmcipal organs of the body began to be understood, 
and a new horizon of curative treatment unfolded Gmded by a body of 
theoretical knowledge based on experimental evidence, surgical practice was 
learmng what organs are essential to the mamtenance of life, m what circum- 
stances their work could be performed by other organs or by mechamcal 
aids, and what effects their removal would exerase on the general health of 
the patient One thmg which distmgmshes modem surgery from the practice 
of antiquity is that the modem surgeon can recogmze with greater confidence 
whether harmful results will ensue after removal of a diseased organ which 
might otherwise infect the whole body, leadmg to death or chrome illness 

The story of how this knowledge grew will emerge m subsequent chapters 
The tempo of progress smee Harvey’s time depends on the comadence of 
many influences Growmg knowledge of chemistry, heat and electnaty m 
relation to social needs and soaal circumstances which have been discussed 
in earher chapters supphed new clues, and the contmual mvenuon of new 
instruments which emerged as a by-product of advancmg knowledge m man’s 
conquest of matenals and of power agam and agam put powerful mstruments 
of research m the hands of the medical profession. Meanwhile other aspeas 
of man’s soaal life brought pressure to bear on the search for deeper msight 
into the behaviour of hvmg matter. 

Mere pressure of population m northern Europe was a feature common 
to the extension of mining and agnculture. The exhaustion of fuel supphes 
gave a decisive impetus to coal production Exhausnon of available space for 
extensive farmmg of the type which had largely supplanted the more orderly 
intensive practice of the later Roman Empire may have contnbuted to the 
swift improvements m which Enghsh agncultunsts played a leadmg part. 
The seventeenth and eighteenth centuries witnessed a host of innovations 
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— drainage, winter storage oj roots, crop rotation, tillage, manuring, dnll 
sowing, and improvement of domesticated cattle How Britain assured her 
independence in a hostile world has been expressed in the epigram that the 
Battle of Waterloo was won on the turnip fields of England The expansion 
of population which accompamed what is usually called tfee Industrial 
Revolution and the subsequent beginnings of modem biotechnology were 
made possible by these improvements 

It IS a profound error to dismiss this change as mere empiricism, because, 
as yet, no embracmg biological generalizauons had entered into the practice 
of farmmg In the same sense we might say that there was no science of 
medicme before Pasteur, or before Sherrington, or before Hopkins What was 
essenually new in the situation was that there existed close contaa between 
leaders of saence and the promoters of the new practice In an article 
on the subject, Marshall {Econ, Hut Rev , Vol II, 1929) puts the issue very 
clearly Referrmg to the “astomshing intellectual vitahty of the century and 
a half foUowmg the Restoration, he wntes 

This vitality appears to have been manifested in two bursts round 1660 
and 1760 with something of a lapse m between It was m the highest degree 
invenave and practical, and reveals a close alliance between pure science 
and technical economic progress This was not a dark age starred by two or 
three prophets of whom it was unworthy In so far as it was m our particular 
sphere unresponsive, it had excuse The picture of the farmer obstinately 
shutung his ears to the unanimous voice of the experts is false The experts 
differed, and wrestled over their differences ” 

Though two centuries elapsed before advancmg knowledge could dispel 
many of the differences, the practice of agnculture was now ceasing to be 
regulated by oral tradition alone It was acqiurmg a hterature, and a hterature 
— unlike the Georgies — with its own language, its own method and that live 
mquismveness which is the offsprmg of acquisitiveness in the best sense of 
the word It was also shaking off painfully the Aristotehan tradition, as 
chemistry and astronomy had done 

What tlie monastery physic garden began, the learned academies which 
followed the growth of an organized secular profession of medicme completed 
In England the emergence of the Invisible College (see p 552) happened 
when capitahst farmmg was seeking to exploit new practices Husbandry no 
less than navigaaon and minmg was infected with what Clark has called the 
“adventurous hopefulness” of the times In 1665 the English Royal Society 
issued the prolegomena of a scientifically planned economy of food produc- 
tion Twenty-six “Heads of Enquiries” were printed that they might be 
“the more universally known” and that persons skilful in husbandry 
might be “pubhckly invited to impart their knowledge herein for the 
common benefit of the country.” The topics included “the several kinds 
of the soyls of England” (sandy, gravelly, stony, clayie, chalky, light 
mould, heathy, mansh, boggy, feimy and cold weeping ground), when 
each was “employed for arable”, “what pecuhar preparations are made 
use of to these soyls for each kmd of gram, with what kmd of manure 
they are prepared, when, how and m what quantity the manure is laid on”, 
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“what kinds of ploughs are used”; ‘^the kinds of gram or seed usual in 
England”, “how each of these is prepared for sowmg,” “there being many 
sorts of wheat and so of oats which of these grow m your county 
and in what soyl, and which of them thrive best there ”, “how they 
differ m goodness”, “what kmds of gram are most proper to succeed there”, 
“some of the common accidents and diseases befalling com m the growth 
of it, being blastmg, mildew, smut, what are conceived to be the causes thereof 
and what the remedies”, “annoyances the growing corn is subjected to, as 
weeds, worms, flies, birds, mice, moles, etc, how they are remedied”, 
“waies of preserving the several sorts of gram”, “how the above mentioned 
sorts of soyl are prepared when they are used for Pasture or Meadow”, “the 
common annoyance of these pasture and meadow grounds ” 

Such are samples of the questions The rephes to them were placed after 
discussion m the archives of the Society They have been lately rescued by 
Leonard, who analyses them in an article m the Economic History Review 
(vol IV, 1932 ) Here dehberately and systematically orgamzed science takes 
stock of the common experience of manlond to formulate problems for which 
precise solutions are now available Truly “a brave attempt to link up book 
learmng and scientific research with the experience of practical farmers,” as 
Lennard says We may go farther and say that it is the first vision of a ration- 
ally planned ecology of mankmd 

In a recent essay ostensibly composed to divulge the “Nature and Signi- 
ficance of Economic Science” Professor Robbms justifies his scorn for 
economists who pursue reahstic studies m preference to the so-called analytical 
me±od by assertmg that they have not as yet produced a smgle comprehensive 
generalization The eighteenth century is littered with the wreckage of com- 
prehensive generalizations with which the protagomsts of the phlogiston 
doctnne, preformatiomsm, vulcamsm and a host of mmor exploits m elegant 
deduction from self-evident prmciples obstructed the steady and piecemeal 
advance toward the solution of problems clearly conceived by the founders 
of Bntish empiricism m their relation to vital social needs If the study 
of human society ever comes to occupy the prestige and to enjoy the con- 
fidence which the natural sciences have rightly established, it also must 
start with heads of enquiries rooted in the common experience of practical 
affairs, proceeding by pauent examinauon of innumerable facts in the 
assurance of Francis Bacon that “the roads to human power and to human 
knowledge he close together, and are nearly the same, nevertheless on account 
of the permcious and inveterate habit of dwellmg on abstractions it is safer 
to begm and raise the sciences from those foundations which have relation 
to practice and let the active part be as the seal which prints and determmes 
the contemplative counterpart ” 
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The social background of biological knowledge presents a far more intricate 
problem than that of astronomy, chemistry, or the various branches of 
experimental physics Conspicuous contnbunons of orgamzed biological 
knowledge to man’s social life are of coraparauvely recent date Its most signal 
achievements are hardly more than a quarter of a century old If we plan the 
apphcation of resources which are now emergmg, they may well seem to be 
tn^g compared with developments which are now takmg place, especially 
in the realm of agnculture. After the first outburst of primitive biotechnology 
which arose to meet the needs of a localized self-sufficient economy, no 
important advances occurred From about 2000 b c till the middle of the 
sixteenth century of our own era, agnculture remamed untouched by the 
growth of theorencal knowledge. 

Medicme ranks with astronomy as the oldest learned profession, and it has 
perhaps a more contmuous history as such In two ways this fact has affected 
the comparatively steady growth of biological knowledge m the absence of 
any other social requirement which biological enquiry of one kmd or another 
has gratified Some departments of biological knowledge which seem to be 
totally unrelated to medicme, as we know it today, were ongmally part of 
the training of a medical man, and were pursued with painstaking care sus- 
tamed by hopes which proved to be illusory m the long nm Thus the study 
of botany was encouraged by exaggerated, and sometimes fantastic, beliefs 
about the curative powers of herbs If m one sense botany led the physician 
up the garden, it is also true that the trail was not abandoned till knowledge 
of plant physiology and breedmg had already shown promise of yielding 
results of equal importance to the horticulturist and to the farmer Organiza- 
tions for promoting scientific horticulture and scientific agriculture were 
already m bemg before pure chemicals bamshed herbs from the pharma- 
copoeia 

The existence of medicme as an mdependent social mstitution also guaran- 
teed the presence of a body of men ready to exploit whatever relevant know- 
ledge emerged from a new impetus to discovery m other fields If a Hooke or 
Black appeared m the domam of physics or chemistry, there was always a 
Mayow or a Crawford on the spot Aside from the mdirect impact of new 
social needs through the influence of theoretical discoveries which have arisen 
as a by-product, the medical profession has continually benefited from the 
mvenuon of fresh instruments of practice and thereby of research Today 
the maker of saentific instruments keeps a watchful eye on the physician as 
a market for his wares It would probably be true to say that this is no new 
thing, though the rapidity with which seventeenth-century medicme found 
a climcal use for new mstruments like the thermometer was chiefly due to 
the close contact of the medical colleges with the newer scientific academies 
of Italy, England, and France 
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Both the practice of medicine and new theoreucal knowledge have con- 
unually benefited m this way In the past few decades it is sufficient to 
recall the introduction of X-ray diagnosis mto surgery or the new msight 
into sensory phenomena through the use of the amplifymg valve Between 
Harvey’s treatise and the middle of the mneteenth century, improvements 
m the construcaon of a smgle mstrument provided the means which con- 
tributed to outstandmg biological progress. Clear and defimte information 
concerning the nature of reproduction in animals and plants, the discovery 
of micro-orgamsms, and a close-up view of the material basis of mhentance 
were discovenes which paved the way for almost every subsequent and con- 
temporaneous advance of biological knowledge All three were the direct 
result of the construction of the microscope 

The story of an advance which was so spectacular m its first stages records 
delays due to the imperfections of the earliest mstruments The original 
mvention was a side-line of the spectacle mdustry, doubtless fostered by the 
utihty of the telescope m navigation and its sister science astronomy A 
second outburst of biological discovenes followed the production of high- 
power magnification m the first few decades of the mneteenth century It is 
not an accident that the first successful observations on the annual parallax 
of a fixed star, the announcement of the Doppler prmciple and rapid progress 
m the study of opucal mterference took place m the same decade (1830- 
1840) as a plethora of new biological discoveries, which mciude the cell 
doctrme, the penetrauon of the pollen tube into the ovule and the recognition 
of the mammahan ovum Improvement m the design of microscope and 
telescope have gone hand in hand, and biological research has benefited 
from the social demand for the latter 

The invenuon of the compound microscope at the beginning of the seven- 
teenth century and its equipment with achromauc lenses early m the mne- 
teenth century respectively comcided with new phases m man’s conquest 
of the soil Durmg the seventeenth century an agricultural mnovation which 
had very profound consequences was spreading from the Low Countries mto 
England There the first frmts of the new nucroscopical knowledge were 
attracting the keenest attention m the newly founded Royal Society, which 
pubhshed commumcations from some of the most distmgmshed of the conti- 
nental microscopists, notably the Dutch merchant van Leeuwenhoek With 
reference to the ongms of crop rotauon. Gras {History of Agriculture^ p 182) 
writes 

The history of such a system is hard to write Here and there the scientific 
rotation has come to the front, as the culmmauon of experiment, trial and 
error, the experience of cultivators, and the research and theorizing of agri- 
cultural students and writers It arose m ancient China on large estates, perhaps 
m medieval Lombardy and Tuscany, in parts of Spain, northern France, and 
Switzerland, in the Rhmeland, and notably m Flanders since the fifteenth or 
sixteenth century Not far from towns and m districts with a dense population, 
the scientific rotation, or somethmg hke it, first developed The scienafic 
rotation system that has meant most for the modern world, the model for 
western Europe and America, was developed in England Just as the Romans 
borrowed much agricultural lore from the Carthagmians, and the Spamards 
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from the Moors, so did the English get from the Flemings the two new essential 
ingredients of their saenufic rotation, clover and turnips The best known 
variety of the scienufic rotation, and also probably the oldest m England, is the 
Norfolk rotation of clover, wheat, turnips and barley, developed in the eastern 
county of Norfolk and at the end of the eighteenth century, made famous in 
Europe and America by Arthur Young Like many good thmgs, it was over- 
done Found applicable m Norfolk, ii was mtroduced into many other counues 
where, as William Marshall and Sir James Caird pomted out, some other 
rotation would have been better It was the task of the eighteenth century to 
popularize it, and of the mneteenth century to adapt it to local conditions In 
the county of Norfolk, however, it is still the dominant type, though not 
unchallenged 

Concemmg the introduction of the system mto England, Ernie {English 
Farming Past and Present) regards the influence of Sir Richard Weston as 
specially noteworthy He states (p 107)* 

The important change with which Weston’s name will always be associated 
IS the introduction of a new rotation of crops, founded on the field cultivation 
of roots and clover As Bnllat-Savarm valued a new dish above a new star, so 
Arthur Young regards Weston as “a greater benefactor than Newton ’* He did 
indeed offer bread and meat to millions Whether Weston had visited Flanders 
before 1C44 is uncertam His attempts to make the Wey navigable by means of 
locks suggests that he was acquainted with the foreign system of canals On 
the other hand, his treatise on agriculture imphes that he paid his first visit 
to the country in that year as a refugee A Royabst and a Catholic, Weston, at 
the outbreak of the Civil War, was driven mto exile, and his estates were 
sequestrated He took refuge m Flanders There he studied the Flermsh 
methods of agriculture, especially their use of flax, clover and turmps For the 
field cultivation of clover he advises that heathy ground should be pared, burned, 
hmed, and well ploughed and harrowed, that the seed should be sown m 
April, or the end of March, at the rate of ten pounds of seed to the acre, that, 
once sown, the crop should be left for five years The results of his observations, 
embodied m his Dtscours of the Hushandne used in Brabant and Flanders^ were 
written m 1645 and left to his sons as a **Legacte ” The subsequent history of 
the “Legacie” is curious Circulated m manuscript, an imperfect copy fell mto 
the hands of Samuel Harthb, who piratically published it in 1650, with an 
unctuous dedication “to the Right Honourable the Council of State ” In the 
following year Harthb seems to have learned the name of the author and to 
have obtained possession of a more perfect copy He therefore wrote two 
letters to Weston, asking him to correct and enlarge his “Discourse ” Receivmg 
no answer, he repubhshed the treatise in 1651 Eighteen years later, the Dtscours 
was agam appropriated — this time by Gabriel Reeve, who, m 1670, reprinted 
It under the title of Directions left by a Gentleman to hts Sons for the Improvement 
of Barren and Heathy Land in England and Wales Roots, clover, and aruficial 
grasses subsequently revolutiomzed Enghsh farmmg, but it was more than a 
century before their use became at all general. 

Not less important as a facet of the social background of growmg mterest 
m the problem of reproduction is the rise of commercial horticulture m 
England In Holland the bulb mdustry which began with the tuhp cult in 
the sixteenth century was already a powerful enterprise m the openmg years 
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of ±e seventeenth Meanwhile the practice of gardening had undergone 
considerable changes during the Elizabethan penod. Amherst (A History of 
Gardening in England) wntes 

In the Middle Ages, what we should now call the kitchen garden, was 
in most cases the only one attached to a house. The idea of a garden, solely 
for beauty and pleasure, was quite a secondary consideration In early cookery 
books, various recipes for serving up vegetables are given, though only a few 
of these dishes are vegetables cooked alone But the wealthy, who could afford 
to get all the ingredients of these many recipes, had so much meat, and such an 
immense variety of game, cranes, herons, curlews, and other birds, besides 
those still in use, that they did not care for vegetables served separately, in any 
quantmes, except on fast days Gardens had chiefly to supply herbs for stuffing 
and fiavourmg, and these were freely used For example, the first recipe m one 
book IS for cooking a “hare m Wortes.” . . . There was both a good variety 
and a fair supply of fruit in the fourteenth and fifteenth centuries Severd 
new kinds of apple and pear are mentioned by the poets of the day, and must 
have been well known Lydgate speaks of the Pomewater, Ricardon, Blaun- 
drelle, and Wueemng apples Gower of another kind, the Bitter-sweet 
Cherries and strawberries were hawked in the streets of London, and the cry 
of '‘Ripe strawberries” was famihar even m Lydgate’s time. . Plums are 
not often menuoned, either by the poets, or m old accounts, but we know that 
both damsons and bullaces were grown m this coimtry, though probably m 
no great quantities , In an old reape for a pudding called “mon amy,” 
the cook is directed to “plant it with flowers of violets, and serve it forth ” In 
another MS. a reape for a dish called “vyolette” is given “Take flowrys of 
vyolet boyle hem, presse hem bray hem smal ” This is to be mixed with milk, 
“floure of rys,” sugar or honey, and “coloured” with violets Not only were 
violets cooked, but hawthorn, primroses, and even roses, shared the same fate, 
and were treated m the same way One recipe, called “rede rose,” is simply, 
“Take the same saue a-lye it with the yolkys of eyroun and forther-more as 
vyolet ” The rose hips were also used, and in a damty dish called “saue saracen,” 
“hippes” were the chief mgredient It was only the large landowners 
who mdulged m a garden specially set apart for flowers and pleasure. The 
garden of every small manor and farm-house in the kingdom was essentially 
for use . The reign of Ehzabeth was a golden era m Enghsh history, and 
abounded m men of gemus Among the many branches of art, science and 
industry, to which they turned their attention, none profited more from the 
power of their great mmds, than did the Art of Gardening Bacon’s Essay on 
Gardens is famihar to everyone Lord Burghley was the patron of Gerard, one 
of the greatest of Enghsh herbalists, and to Sir Walter Raleigh we owe the 
mtroduction of our most useful vegetable, the potato About this time the 
persecution of the Protestants on the Continent drove many of them to find a 
safe refuge m England They brought with them some of the foreign ideas 
about gardening, and thus helped to improve the condition of Horticulture 
The Elizabethan garden was the outcome of the older fashions m Enghsh 
gardens, combined with the new ideas imported from France, Italy, and 
Holland The result was a purely nauonal style, bener suited to this country 
than a slavish imitation of the terraced gardens of Italy, or of those of Holland, 
with their canals, and fish-ponds There was no breal^g away from old forms 
and customs, no sudden change The primitive medieval garden grew into the 
pleasure garden of the early Tudors, which, by a process of slow and gradual 
development, eventually became the more elaborate garden of die Ehzabethan 
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era The changes m the kitchen^ or “cooks-garden,” were not so marked 
as m the “garden of pleasant flowers ” 

As the flower-garden lay m front of the house, “in sight and full prospect 
of all the chief and choicest roomes of the house, so contrariwise, your herbe 
garden should be on the one or other side of the house . . for the many 

different sents that arise from the herbes, as cabbages, omons, etc , are scarce 
well pleasing to perfume the lodgmgs of any house ” This is certainly a change 
from the gardens of earher times, when herbs covered more or less the whole 
area of the average garden, when groundsel was allowed a place with leeks, 
thyme, and lettuce, and wa3 classed among garden herbs indiscnnunately with 
periwinkles, roses, and violets A suikmg proof of the progress gardening 
was makmg durmg this period, was the growmg importance of those practising 
the craft m and aroimd London, unul at length, m the third year of King 
James I, they attamed the dignified posiuon of a Company of the City of 
London, incorporated by Royal charter In that year all those “persons m- 
habitmg withm the Cittie of London and sixc miles compas therof doe take 
upon them to use and practice the trade, crafte or misterie of gardening, 
plantmg, grafting, settmg, sowmg, cutting, arbormg, knockmg, mountmg, 
covermg, fencmg, and removmg of plantes, herbes, seedes, fruit trees, stock 
sett, and of contryvmg the conveyances to the same belonging, were incor- 
porated by the name of Master Wardens, Assistants, and Comynalue of the 
Compame of Gardmers of London ” Thomas Young was appomted first Master, 
and seven years was the term of apprenticeship to the Company ” 

The pubhsher of the L^aae was prominent m this movement Gothem 
(A History of Garden Arty vol II) says that durmg the Protectorate 

kitchen and frmt-gardens were actively encouraged m these years A 
certam Harthb, a Pole by birth, earned a pension of £100 from Cromwell in 
recogmtion of the work he had done for the furtherance of agriculture, and 
especially because he had encouraged gardeners in trade enterprise on a large 
scale, which was extremely rare, except quite near London 

In the Restorauon penod John Evelyn commumcated a treatise on forest 
trees to the Royal Soaety with a view to encouragmg the mtroduction of 
new trees In a letter wntten to Pepys m 1G86 he draws up a hst of trees to 
be brought over from the New World “Evelyn,” says Amherst, 

himself tned to procure new seeds and plants from abroad, and also to make 
those trees he advocated m his Silva more plentiful, for many of them such as 
the Plane and Horse-chestnut were still uncommon m this country, and others, 
the Larch, Tuhp tree and Cedar among the number were scarcely ob tamable 

The rotation of crops raised a new technological problem In field pro- 
duction of com the seed used for propagation of the ensumg crop was part 
of the harvest. Field production of clover, turmps, and grasses m the four- 
course system made the culture of plants for seed production a separate 
operation Wntmg m the latter half of the sixteenth century, Googe, who was 
one of the earhest to advocate root crops, desenbes pasture sowmg by scatter- 
mg hayseed gathered from the debns of the hayloft It is clear that m his 
time seed production for pasture was not as yet commercialized In the Charter 
of the Worshipful Company of Gardeners at the beg innin g of the reign of 
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James I m England ±ere is reference to regulation and menaon of penalues 
for sale of “bad seeds ” In Blith’s English Improver Improved^ published in 
1652, It is stated 

Such as are desirous to buy any of the three-leaved grass or lucerne, spurry, 
clover grass can have them at Thomas Brown’s shop at the Red Lyon in 
Soper Lane 

In conformity with Boyle’s concern that “the goods of mankind may be 
much increased by the naturalist’s insight into the trades,” the English Royal 
Society had constituted itself as a Plannmg Commission collecting “histones 
of Nature and Arts ” About the time when it issued Hooke’s programme of 
systemauc and co-operative meteorological research, it also issued “Heads 
of Enquiries” for agriculture These, pubhshed m the fifth issue of its 
Philosophical Transactions y mcluded such items as 

The kmds of gram or seed usual m England, bcmg supposed to be either 
wheat, miscelane, rye, oats, pease, beans, fitches, buckwheat, hemp, flax, rape 
We desire to know what kmds of gram are sown m your county and how each 
of these is prepared for sowmg , . 

The first large commercial nursery was founded m 1681 Two years later 
the practice of drill sowmg ,was mtroduced mto England By 1750 seed 
catalogues were already issued These early nurserymen and seed merchants 
were botamsts as much as salesmen, William Malcolm m his catalogue of 
seventy-one pages issued m 1776 discusses the nomenclature of plants, and 
refers to the system of Linnaeus as the best In Malcolm’s catalogue seven- 
teen distmct varieties of peas are offered Earlier— m 1731 — Philip Mdler, 
m the first ediuon of the Gardener^s Dictionary, had recorded experiments 
repeatmg Bradley's (vide infra) sterilization of tuhps by removing the anthers, 
and also showmg that spmach, which, like dog’s mercury, bears staminate 
and pistillate flowers on separate plants, will not produce fertile seeds when 
the plants are grown apart Malcolm himself was Governor of the Apothe- 
caries’ Company and worked at Chelsea Physic Gardens Of his Gardener^ s 
and Flortsfs Dictionary or Complete System of Horticulture Linnaeus said 
“non erit lexicon hortulanorum sed botamcorum ” 

While the use of the compound microscope was broadenmg the Ans- 
totchan conception of sexuahty and extendmg it to the mterpretation of 
seed production m flowermg plants, commercial seed production m agri- 
culture was a new technologic^ achievement In the two decades which 
preceded and followed the mtroduction of more powerful compound micro- 
scopes (about 1820), horticultural seed production had become the focus of a 
lively interest m production of new vaneties of hybndizaaon (see Chap- 
ter XXI) Durmg the mtervemng penod the study of reproductive pheno- 
mena in plants received a continued impetus from the practical apphcations 
of the new knowledge, an example of which is furmshed by the work of 
Thomas ICmght, a president of the newly formed British Horticultural 
Society, on cross-poUination of apples 

Owmg to the recent and deplorable separation of animal and plant biology 
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in the curricula of many universities, it is easy to forget the close inter- 
relationship of botamcal and zoological studies at this tune How mtimatcly 
progress of enquiry mto reproducuve phenomena of plants was connected 
with new knowledge of animal breeding, and vice versa^ is well illustrated by 
the opemng words with which Kmght introduces a paper which he read to 
the Royal Society m 1809 

I have been engaged during many years m experiments on fruit trees of 
which the object has been to discover the best means of forming new varieties, 
that may be found better calculated for the climate of Britain than those at 
present culuvated In this inquiry my efforts have been always most successful, 
when I propagated from the males of one variety and the females of another, 
and I was able by the same means to ascertain more accurately the comparative 
influence of the male and female parents on the character of the offsprmg The 
analogy that subsists between plants and ammals m almost everything which 
respects generation induced me also to attend very mmutcly to similar experi- 
ments m which 1 engaged on some species of animals. 

The introduction of root crops apphed a new mcentive to sheep and cattle 
breeding Wi± adequate winter feedmg it was now possible to standardize 
the environment An adequate environment made it possible to set up more 
rigorous standards of hereditary equipment In England between 1750 and 
1790 Bakewell, a pracucal farmer who practised intensive selective mbreed- 
mg for flesh quality and size of cattle, also established the New Leicester 
breed of sheep His success became notorious Continental dukes and Russian 
princes visited his farm, and “breeders everywhere,” says Prothero, “followed 
his example ” This development owed nothmg directly to the advance of 
biological knowledge The practice and theory of ammal and plant breedmg 
reacted successively one to the other Although it is not possible to trace 
any direct influence of stock breedmg on the saentific study of anmial 
reproduction m its early stages, there is no doubt that the empirical improve- 
ment of sheep and cattle in the eighteenth century, associated especially with 
the name of Bakewell in England, forafied the belief that the same methods 
might “produce such rare kmds of plants as have not yet been heard of” 
Knight says m one of his papers 

I cannot dismiss the subject without expressmg my regret that those who 
have made the science of botany their subject should have considered the 
improvement of those vegetables which m their cultivated state afford the 
largest portion of subsistence to mankind and other animals as little connected 
with the subject of their pursuit , While much attention has been paid to 
the improvement of every species of useful ammals the most valuable esculent 
plants have been wholly neglected , The improvement of ammals is 
attained with much expense and the improved kinds necessarily extend them- 
selves slowly, but a single bushel of improved wheat or peas may m ten years 
be made to afford seed enough to supply the whole island 


SPONTANEOUS GENERATION 

The first compound microscopes, which provided a free pass mto a totally 
unexplored umverse dunng the mid decades of the seventeenth century. 
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(1640-1690) belong to the penod which also witnessed Romcr’s discovery of 
the finite speed of hght, the pubhcation of ±e first maps showmg the moon^s 
mountains and the study of the spectrum The discovenes which they made 
possible were destmed to pave the way for great developments m biotech- 
nology, when the mvendon of achromatic lenses provided the means for 
penetrating still further mto the domam of thin gs mvisible to the naked eye 
Of the four major branches of modem biotechnology three which rest entirely 
on a foundation of these early discovenes are saendfic breedmg, the control 
of infecdous or contagious diseases, and the domesdcadon of micro-orgamsms 
as creadve agents of chemical processes 

From the soaal background of man’s earhest attempts to deal with the 
inconvemence of ram, mud, and the accumuladon of excreta, a heap of con- 
fused nodons about the way m which small orgamsms are propagated had 
taken shape The spintual attnbutes of the “effluvia” which exhaled from 
insamtary dumps were mvoked to cxplam the “spontaneous generadon” of 
the innumerable visible animals which breed among imsavoury surroundings 
As time passed, the spontaneous ongm of diseases which are encouraged by 
inadequate sanitadon was accepted as a corollary Although the simple 
microscope* led to the discovery of micro-orgamsms such as those which 
are now known to be responsible for disease, their significance as parasites 
of man and domesdcable animals did not come dll higher magmficadon had 
encouraged closer study What immediately accompamed, and m large 
measure resulted from, the use of the first microscopes was that the doctnne 
of spontaneous generadon was put to the test of direct experiment, and 
found wandng The decay of this supersddon took place gradually, and its 
apphcabihty to the micro-orgamsms was the centre of controversy when 
achromadc lenses first became available Its immediate effect was to trans- 
form the anthropomorphic concepdon of sexuality which the Natural History 
of Anstotle had bequeathed to medicme two thousand years earher 

Accordmg to recent research such as Mahnowski’s account of the Trobriand 
Islanders, some primidve cultures still fad to recognize the essendal role of 
the male parent m reproducdon The recogmdon of patermty probably arose 
as the result of domesdcatmg the ox and the ass Pedigree breedmg (Fig 391) 
goes back to ancient Mesopotamian cultures, and belongs to the same social 
context as milkmg the cow and sowing cereals Like the last two, graftmg 
of vmes and fermentadon are also biotechmcal mvendons of great andqmty 
Thenceforward the only important pracdcal advance m the saence of breed- 
ing was the bulb mdustry which grew up m Holland at the end of the six- 
teenth century In the fourth millenmum B c avilized man had grasped that 
boddy intercourse between individuals respeedvely distmguished as male and 
female commonly precedes the produedon of young. That an essentially 
simdar distinction can still be drawn between different mdividuals of speaes 
which do not perform an act of copuladon, and that the male performs 
essendally the same part m the process was not recognized dll after the 
senunal fluid had been subjeaed to nuaoscopic scrutmy 

* Bacteria were first figured m 1683 by Leeuwenhoek, who used simple lenses of 
very high magnification m preference to the imperfect compound microscopes of his 
time 
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Anstode’s views on reproduction may be summarized m the foUowmg 
terms Animals may be divided mto those which produce young as the 
result of sexual mtercourse and those which are produced spontaneously 
from mud, sand, water, excrement or plant )uices In the first group those 
which produce eggs (which may be hatched inside the body as m the vipers 
and certam skates and sharks) are distmguished from those which are truly 
“viviparous” like man and other mammals By an egg Aristotle means some- 
thing visible to the eye and more or less remimscent of the hen’s egg, which 
may be fertile or infertile accordmg as sexual mtercourse has or has not 
taken place The posture of mtercourse, seasonal reproductive habits, ovi- 
position, etc , of a large variety of oviparous vertebrates, birds, reptiles, 
fishes — are faithfully described m the Histona Ammahum There are passages 



What IS probably the world’s oldest chart of pedigree horses is this Mesopotamia 1 
tablet, dating from many centuries before the beginmng of our era Close scrutiny 
will reveal the universally adopted sign for ‘‘female $ ” {Vtom Modern Encyclopaedia^ 
Part I, by permission of The Amalgamated Press ) 


of surprising accuracy m Book V where Anstotle discovers the reproductive 
phenomena of the larger Crustacea and molluscs The followmg is a sample 

Among the malacostraca, the carabi (crabs, lobsters) are impregnated by 
sexual mtercourse and contam their ova durmg three months, May, June 
and July They afterwards deposit them upon the hollow part of their folded 
tail and their ova grow like worms The same thing takes place m the malacia 
and oviparous fish, for their ova always grow The malacia produce a 
white ovum after sexual mtercourse The octopus deposits its ova m 
holes or pots or any other hollow place The ovum is like the bunches of the 
wild vine and of the white poplar About fifty days afterwards the young 
polypi burst the eggs and escape like phalangia m great numbers The 

cuttlefish also deposits eggs which resemble large, black myrtle seeds They 
are united together like a branch of fruit and are enclosed m a substance which 
prevents them from separatmg readily The male emits his ink upon them 
The ova are produced m fifteen days and when the ova are produced they 
remam for fifteen days longer like the small seeds of grapes and when these 
are ruptured the young sepias escape from the inside If a person divides them 
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before they have reached maturity, the young sepias emit their faeces, and vary 
in colour, and rum from white to red with alarm . . The crustaceans incubate 
upon their ova, which are placed beneath them, but the octopus and cuttlefish 
and such like mcubate upon their ova wherever they may be deposited 
Each egg produces one small cuttlefish and so also with the teuthis 

Among those ammals which produce young as the result of sexual con- 
gress, the land Arthropods (i e insects especially) occupy a special category, 
bemg neither viviparous in the sense that they give birth to young like 
themselves, nor oviparous Anstotle seems to have failed to trace back the 
grub to anythmg which he could recognize as an “egg ” Thus: 

Male msects are less than the female, and that the male mounts upon the 
female, and the manner of their sexual mtercourse has been described and 
the difficulty of separating them Most of them produce their young very soon 
after sexual mtercourse All the kinds except some psychae [butterflies and 
moths] produce worms [i e grubs] These produce a hard substance which 
is fluid within [i e the pupa] From the worm an ammal is produced but not 
from a portion of it, as if it were an ovum but the whole grows and becomes 
an articulated animal 

All mvertebrate ammals which produce offsprmg by what is now called 
“external fertilization” were beheved to be formed by spontaneous genera- 
tion This was assened to be true of all the molluscs (testacea) except the 
octopus tribe, of sea anemones, of starfishes, and of sponges Of these Anstotle 
says 

The testacea is the only entire class which is not reproduced by sexual 
mtercourse The purpurae [the sea slug of Tynan purple fame] collect 

together m sprmg and produce what is called their mdamental capsules . 
These capsules have neither openmg for perforauon nor are the purpurae pro- 
duced from them, but both these and other testacea are produced from mud 
and putrefaction On the whole all testacea are produced spontaneously 
m mud, different kmds onginatmg in different kmds of mud 

That the mdamental capsules mentioned m this passage were not recog- 
mzed as eggs is hardly surprismg, when we recall the fact that sexuality was 
exclusively associated with the act of coition except in so far as the close 
analogy of the sexual organs in fishes which reproduce by external and in- 
ternal fertilization led to correa conclusions a^ut the way m which they 
reproduced Smee many of the animals of the category last mentioned, such 
as ±e snail, the barnacle, and the oyster, are hermaphrodite, such errors are 
excusable It is less easy to understand the complete disregard for the clues 
which the comparative method might have disclosed m a passage such as 
the foUowmg 

Some of them are produced from similar animals, as phalangia and spiders 
from phalangia and spiders . Others do not originate in animals of the 
same species, but their production is spontaneous, for some of them spring 
from the dew which falls from plants Some originate m rotten mud and 
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dung . . Butterflies are produced from caterpillars, and these originate in 
the leaves of green plants, especially the rhaphanus, which some persons call 
crambe or cabbage The gnats originate in ascarides [thread worms] and the 
ascandes originate in the mud of wells and running waters that flow over an 
earthy bottom At first the decaying mud acquires a white colour, which after- 
wards becomes black, and finally red 

An even more astomshmg lapse is shown when Aristotle rehes on second- 
hand testimony of the type which used to be accepted as a basis for anthro- 
pological discussion Even of the more famihar groups of which his first-hand 
knowledge was usually penetratmg, he could write such rubbish as 

Most fish originate in mud and sand Even of those kinds which originate m 
sexual intercourse and ova, some, tliey say, have appeared both in other marshy 
places and m those which once surrounded Coridus winch became dry under 
the influence of the dog star The reproduction of mice is more wonderful 




Fig 392 — The Barnacle Legend 


Figure 01 the Barnacle and Goose in Gerard's Herhall (l’)94) 


than that of any other animal both in number and rapidity For a pregnant 
female was left in a vessel of corn, and after a short time the vessel was opened, 
and a hundred and twenty mice were counted In a certain part of Persia 

the female foetus of the mice are found to be pregnant m the uterus of their 
parent Some people say and aflirm that if they lick salt they become pregnant 
without copulation . . 

Accounts of spontaneous generation continued to be credited until the 
beginmng of the eighteenth century In the most notable of the English 
Herbals, as the works on botamcal medicme were called, Gerard (1594) gives 
an illustration (Fig 392) bearmg on the following citanon 

But what our eyes have scene, and hands have touched we shall declare 
There is a small Island m Lancashire called the Pile of Foulders, wherein are 
found the broken pieces of old and bnused ships, some whereof have beene 
cast thither by shipwracke, and also the trunks and bodies with the branches 
of old and rotten trees, cast up there Likewise, whereon is found a certain spume 
or froth that m time breeditb imto certain shells, m shape like those of the 
Muskle, but sharper pointed, and of whitish colour, wherein is contamed a 



820 Science for the Citizen 

thing in forme like lace of silke finely woven as it were together, of a whitish 
colour, one end whereof is fastened unto the inside of the shell, even as the fish 
of Oisters and Muskels are the other end is made fast unto the belly of a rude 
masse or lump, which m time commeth to the shape of a Bird, when it is per- 
"fectly formed the shell gapeth open, and the first thmg that appeareth is the 
foresaid lace or strmg, next come the legs of the bird hangmg out, and as it 
groweth greater it openeth the shell by degrees, til at length it is all come forth, 
and hangeth onely by the bill m short space after it cometh to full maturitie 
and falleth mto the sea, where it gathereth feathers, and groweth to a fowle 
bigger than a Mallard and less than a goose havmg blacke legs and bill or beak, 
and feathers blacke and white, spotted m such manner as is our magpie 
For the truth hereof if any doubt, may it please them to repaire unto me, and I 
shall satisfie them by the testimome of good witnesses The hordes and 

rotten planks whereon are found these shels breeding the Barnakle are taken 
up on a small Island adjoynmg Lancashire, halfe a mile from the mam land, 
called the Pile of Foulders They spawn as it were m March and April, the 
Geese are formed m May and June, and come to fulnesse of feathers m the 
month after And thus havmg through God’s assistance discoursed somewhat 
at large of Grasses, Herbs, Shrubs, trees and Mosses, and certam Excrescences 
of the earth, with other things moe, msident to the histone thereof, we conclude 
and end our present Volume, with this Wonder of England For the which 
God’s name be ever honoured and praised 

It IS even more illuminating to note the concessions made by those who 
attacked the Aristotelian tradition m general and current “metamorphoses” 
m particular The reader may recall Browne’s eloquent passage on the 
Vulgar Errors . 

But the mortallest enemy unto knowledge, and that which bath done the 
greatest execution upon truth, hath been a peremptory adhesion unto authonty, 
and more especially, the estabhshmg of our behef upon the dictates of antiquity 
For (as every capacity may observe) most men, of ages present, so superstitiously 
do look upon ages past, that the authorities of the one exceed the reasons of the 
other Whose persons mdeed far removed from our times, their works, which 
seldom with us pass uncontrolled, either by contemporaries, or immediate 
successors, are now become out of the distance of envies, and the farther re- 
moved from present times, are conceived to approach the nearer unto truth 
Itself Now hereby methinks we mamfesdy delude ourselves, and widely walk 
out of the track of truth 

The same writer, while attackmg other accepted cases of spontaneous genera- 
tion, himself wrote 

Concemmg the generation of frogs wc shall briefly dehver that account 
which observation hath taught us By frogs I understand not such, as arismg 
from putrefaction, are bred without copulation and because they subsist not 
long are called temper ariae [^Rana temporanay the common froggy nor do I 
mean the little frog of an excellent parrot green that usually sits on trees and 
bushes, and is therefore called Ranimculus vindis [the tree frog], but hereby I 
understand the aquatile or water frog, whereof we may behold many nuUions 
every spring in England 
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Sir Thomas Browne was usually m advance of his ume Referring to 
the douhts he expressed on behalf of Aristotle’s story of the mousey Alexander 
Ross roundly upbraided him thus* 

So may one doubt whether in cheese and timber worms are generated, or 
if beetles and wasps m cow’s dung, or if butterflies, locusts, grasshoppers, shell- 
fish, snails, eels and such like be procreated of putrefied matter which is apt 
to receive the form of that creature to which it is by formative powers disposed 
To question this is to question reason, sense and experience If he doubt of 
this let him go to Egypt, and there he will find the fields swarmmg with mice, 
begot of the mud of Nylus, to the great calamity of the inhabitants 

The barnacle legend hngered on for more than a century after the issue 
of Gerard’s Herball That canny Scot, Sir Robert Moray, claimed to give the 
account of an eye-witness in a paper which was pubhshed m the Transactions 
of ike Royal Soaety In it he desenbes the barnacle shells washed up on the 
coast of Scotland, and refers therem to the 

litde bill like that of a goose, the eyes marked, the head, neck, breast, wings, 
tail and feet formed, the feathers everywhere perfectly shaped and blackish 
coloured, and the feet like those of other water fowl to my best remembrance 

Less than half a century before Harvey’s treatise appeared, Van Helmont, 
who occupies an honourable place m the history of science, lent his 
authonty to a time-honoured recipe for makmg mice by puttmg a few grains 
of wheat or a piece of cheese along with some dirty Imen m a closed recep- 
tacle. Important landmarks m the overthrow of the Aristotelian view 
were the observations of two Itahans in the seventeenth century Redi, a 
physician and member of a learned society calling itself the Academy of 
Expenence, undertook a detailed study of one of the most firmly accepted 
examples of spontaneous generation To test whether the worms which are 
found m rotten meat really appear spontaneously, he adopted the simple 
expedient of covermg the meat with gauze Fhes attracted by the smell laid 
their eggs on the gauze and hatched into Aristotehan “worms” without 
contaa with the meat supposed to generate them A httle later Vahsneri, a 
medical professor at Padua, showed that the grubs found m fnut and plant 
galls (like the marble gall or oak apples) are hatched from eggs deposited by 
an msect before the fruit or the gall begins to develop* 

The influence of the microscope on this change of outlook was both 
direct and mdirect In various ways it made it possible to recognize similarities 
which are not accessible to the naked eye Apart from size, the eggs of insects 
are just as much like the eggs of a hen, a shark or a lizard as are the eggs of 
a crab or of an octopus. The doctrme omnta ex ovo which Harvey advanced 
in his last and posthumous work on the Generation of Animals was a natural 
corollary of the new habit of usmg a lens m his researches Careless observa- 
tion of small objects could now be brought to a new tnbunal, and unsuspeaed 
new facts began to accumulate Aristotle’s division of ammals which begin 
life as worms, animals which begm as eggs and animals which are conceived 
vmparously was abandoned as direct observation traced the beginmngs of all 
animals to a more or less sphencal or ovoid body which has no external 
resemblance to the adult bemg 
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Simultaneously a flood of light was shed on the nature of sex by one of 
the most indefatigable of the early microscopists, Leeuwenhoek, who com- 
municated various discoveries to the Enghsh Royal Society These are 
collected in his Secrets of Nature^ pubhshed m 1695 Leeuwenhoek, who was 
the first to describe micro-orgamsms, was also the first to observe that the 
semen of ammals teems with minute vibratile “corpuscles,” the spermatozoa 
or sperms, which are far too small to be seen by the eye * Although the precise 
part which the sperm plays m the sexual process was not fully recognized 
until the coming of achromatic lenses, the discovery of spermatozoa immensely 
enlarged the conception of sexuahty Till then semen had been recognized 
as a viscous colourless flmd exuded m the sexual act Aristotle was aware 


foUidz cells' 



Fig 393 — Human Egg and Sperm 

The actual size of the egg is less than 2 mm , and the sperms (below) are drawn to 
the same scale The thickened head of the sperm (seen here in two views) contams 
the nucleus 


that this fluid is not necessarily introduced into the generative cavities of 
the female It may, for instance, be squirted over the eggs as they emerge, 
as is done by the male frog The traditional view admitted the distmction 
between male and female animals which do not carry out the fertilization 
of the egg by the seminal fluid as the result of direct bodily contact, when 


* According to Cole the first published reference to spermatozoa is made by 
Huyghens who, besides being foremost in devising the pendulum clock was prominent 
in the optical researches which received their impetus from the technology of the 
telescope Huyghens mentions in a letter dated June 1678 that he had of late devoted 
his attention to improving microscopes, prompted by observations ol a student 
called Hammius at Leyden Hammius had discovered animalcules m the semen of 
animals, and these he (Huyghens) had often seen It seems that Huyghens obtained 
this information indirectly from Leeuwenhoek, whose letter written a year earlier, 
though not published till 1679, he had read The mcident illustrates the close asso- 
ciation between the improvement of the microscope and the technology of navigauon 
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their reproducuve organs and seminal fluid respectively exhibited an obvious 
similarity to those of near relations which practise a recognizable act of 
coition On the other hand, Anstode exempted from any claims to sexuahty 
(a) the immense category of marme mvertebrates like the oyster, which shed 
their semen and ova mto the sea without parental propmquity and {b) the 
many hermaphrodite terrestnal animals, hke the earthworm and snail, which 
combme the production of semen and eggs m one mdividual 

Without immediately givmg birth to a correct view of patermty Leeuwen- 
hoek’s discovery provided a new differentia of sex, and at once prepared 
the way for the recognition of universal sexuality Henceforth maleness is 
defined as power to produce sperms Simultaneously as a direct result 
of new microscopic observations on plant anatomy, including the pro- 
duction of pollen, Nehemiah Grew, whose Anatomy of Plants was finally 
pubhshed m 1682, advanced the doctnne that the stamens of the flowering 
plant are its male organs, that the pistil corresponds to its female parts 
(Fig 395), and that pollen performed the same essential funcaon as semen 
Though there is some evidence that dusting the pistil with pollen had been 
carried out by vine-growers in dynastic Egypt, the doctnne of sexuality on 
which the industrial practice of modern seed production rests was a veritable 
revolution m the saennfic world of the eighteenth century in the Chris- 
uan era 

Grew says that Sir Thomas Milhngton, another Fellow of the Royal 
Society, had arrived mdependently at the same conclusion We have no 
mformauon concerning any experiments they may have performed' to test or 
arrive at their conclusions They may have been based on microscopic recog- 
mtion that the dust of the ancient date husbandry was a production essentially 
common to all flowermg plants A German botamst Camerarius established 
the doctrme on a firm footmg of experimental evidence set forth in his Letter 
on the Sex of Plants (1688) His experiments seem to have been inspired by 
observations on the habit of the mulberry tree which from time immemorial 
had been the basis of an imponant industry, since it is the food plant of the 
mulberry moth {Bowbyx mon) whose caterpillar is the silkworm The mul- 
berry resembles the holly and the willow whose pollen flowers and seed flowers 
occur on different trees Wolf summarizes the experiments of Cameranus 
in the foUowmg passage 

Having observed that a fruit-bearing mulberry tree near which there was 
no pollen- bearing tree produced sterile seed vessels, he decided to investigate 
the subject experimentally He chose for this purpose such common plants as 
dog’s mercury having flowers of different sexes Planting some of its ripe seeds 
in soil, he saw that they produced two kinds of plants which though similar 
in many ways differed m this respect, namely, that some of them had stamens 
but no seeds or fruit, while the others bore fruit but did not have stamens 
When he isolated the fruit-bearmg plants from the pollen-producing plants, 
then seed vessels still appeared on the former, but they were sterile He next 
experimented with plants in which both stamens and pistils grow on the same 
pl^t, such as maize and Rtemus (the tropical plant from which castor oil is 
derived) He found that when their sugmata were removed before the anthers 
were fully developed, then the seed vessels were always empty and sterile 
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It IS more than a comadence that the doctrme of sexuahty m plants took 
shape at a tune when scientific men were begmmng to take an mterest in 
agriculture^ horticulture, and husbandry In England Grew’s work comcided 
with the introduction of the four-course system or rotation of turmps, grass, 
clover, and cereals, an innovation sometimes spoken of as the agricultural 
revolution of the seventeenth century, though some such practice seems to 
have been of long standing in Chma During the long period m which locahzed 
self-sufficiency had been displaced by the growth of international trade, 
science had developed as an essentially urban product, and medicme to which 



Fig 394 — The Fertilization of the Date 


This Assyrian bas-relicf shows King Ashur-nasir-pal assisting at the pollination rite 
before a date tree Behind him is a priest carrymg the male seed and m his left hand 
the pollmation tray or basket (British Museum ) 

biological enquiries owed their primary impetus was cut off from the soil 

Though the faa was never generahzed, sexuahty in plants was one of the 
earliest secrets of husbandry Three of the most important plants which 
civilized man learned to value — the date, the vine, and the mulberry — 
produce separate stamimferous and pistillate flowers Theophrastus, a pupil 
of the Lyceum and the most renowned herbahst of the ancient world, describes 
the treatment of date palms m the words 

With dates the males should be brought to the females For the males make 
the fruit persist and ripen When the male is m flower they at once cut 
off the spathe with the flower and shake the bloom with its flower and dust 
over the frmt of the female, and if it is thus treated, it retams the fruit and does 
not shed it 


Replenishing the Earth 825 

The fertilizing power of the male catkins of the date palm was famihar m 
Babylon at a much earher time It is represented by a frequent symbol on 
Assyrian monuments, and is recorded by Herodotus The practice of arti- 
ficial pollination m vine husbandry is also of great antiquity However, there 
was no recogmuon of the fact that the stamens or pollen-producing organs 
in any way resemble the generative organs of the male ammal — still less that 
the flowers of common plants are essentially hermaphrodite structures, as 
experiments like those of Cameranus estabhshed The complete failure of 
the pre-microscopic herbahsts to generalize the lesson of the date palm is well 
illustrated by the words of the thirteenth-century Arab physiaan, Kazwmi 

The date has a striking resemblance to man, through the beauty of its erect 
and slender figure, its division into two sexes, and the property which is 
peculiar to it, of being fecundated oy a sort of union 

The importance of this step was far greater than anyone could have fore- 
seen An immediate practical result was that it made systematic experiments 
m plant hybndization possible Hence it imuated a succession of attempts 
which laid the foundations of scientific breeding of plants and ammals 
Its practical importance will be reahzed more fully when we have surveyed 
the origins of this imponant department of modem biotechnology Here it 
is sufficient to remark that a contemporary of Cameranus claims the honour 
of being the first creator of a horticultural product by dehberate interference 
with the normal course of reproduction 

He was Thomas Fairchild (1667-1729), who owned a nursery at Shore- 
ditch, and left a sum of money to ±e newly chartered Worshipful Company 
of Gardeners to provide for an annual discourse Bradley, then Professor 
of Botany m Cambridge, wrote in 1718 

The Carnation and the Sweet William are in some respects alike, the Farina 
(i e pollen) of one will impregnate the other, and the seed, so enhvened, will 
produce a plant differing from either, as may now be seen in the garden of 
Mr Thomas Fairchild, of Hoxton, a plant neither Sweet William nor Carna- 
tion but resembling both equally, which was raised from the seed of a Carna- 
tion that had been impregnated by the Farma of the Sweet Wilham 

A century later the hybrid was still shown as Fairchild’s Sweet Wilham m 
English gardens 

While it IS doubtful whether the experiments of Cameranus exerted any 
effect on English horticulture, it is fauly certam that the issue was being 
probed about the same time in England For some years before Bradley 
recorded this account (1718) of an achievement which might “produce such 
rare kmds of plants as have not yet been heard of,” he himself had earned 
out experiments essentially like those of Cameranus to test views which had 
been raised m discussions of the Royal Society by Robert Balle and by 
Samuel Moreland, who commumcated a short paper m the Philosophical 
Transactions of 1703 Bradley had “good fortune to brmg it to demonstra- 
tion by several experiments smcc which a gentleman of Pans had pnnted 
somethmg of the same nature in . the year 1711 and 1712.” 

Moreland acknowledges pnonty to Dr Grew as “the only author I can 
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find who hath observed that the Fanna . . doth some way perform the 
office of the male sperm ”He then submits to the “disquismons and censures” 
of competent judges and to further enquiry by persons possessed and skilled 
in the use of “the best microscopes” two further suggestions (i) the “seeds 
are at first like ummpregnated ova of animals/’ and (u) “this Fanna is a 
congeries of seminal plants one of which must be conveyed into every ovum 
before it can become prohfic ” The gist of the paper is that wherever seeds 
are formed arrangements coexist to ensure that pollen is collected on the 
stigma first Moreland does not state that he had carried out the crucial test 
of showing that no seed is formed when pollen is prevented from domg so 
T he importance of the paper lies in the vivid way in which it bears testimony 
to the influence of the microscope and new views on the nature of sex in 
animals 

Though we do not know whether Grew or Moreland estabhshed their 
views by direct experiment, it is clear that experiments on poUmation were 
in progress in England between 1670 and 1710, and that the issue was brought 
forward several umes The close association of the Fellows with current 
social movements m the early days of the Enghsh Royal Society is illus- 
trated by the ntle of Bradley’s New Improvements of Planting and Gardening 
Fairchild commumcated in the Philosophical Transactions of the Royal 
Society (1724) results of grafting experiments, “designed,” says Zirkle, “to 
demonstrate the ascent of sap ” Thomas Knight, founder of the Hoiticultural 
Society, returns to the same theme eighty years later 

The experimental study of hybridization m plants is simpler than the 
experimental study of hybridization m animals (see Chapter XXI) and 
the material basis of sexuahty m plants is easier to recognize Hence plant 
hybridization has laid the foundations of what we now know about inherit- 
ance in animals Throughout the past history of mankind efforts to improve 
plants and produce them on a large scale had been almost exclusively con- 
cerned with vegetauve propagauon, either natural (eg the Dutch bulb 
mdustry) or artificial (graftmg and cuttmgs) After the introduction of crop 
rotauon seed production became a process of steadily mcreasing soci^ 
importance The part played by the pollen in fixmg the character of hybrid 
offspring, exhibited in the production of new varieties such as Thomas 
Fairchild’s carnation, prepared the way for closer study of heredity The way 
in which normal pollmation is assured by wind, insect visits and other 
means was systematically studied by the plant hybridist Koelreuter, who was 
director of the grand ducal botamc garden at Carlsruhe m the middle of the 
eighteenth century His work was followed by similar studies, of which the 
most noteworthy were Sprengel’s observations on the various arrangements 
which ensure cross pollmation of the stamens and pistils of different flowers 
through the agency of msects 


THE MODERN VIEW OF SEXUALITY 

The material basis of parenthood m animals will be set forth m detail 
later First let us bnefly contrast the modem view based on direct observa- 
tion through the compound microscope with the Anstotelian doctrme which 
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was held m a more or less modified form long after the umversal existence 
of sex m animals and plants of visible dimensions had been firmly established 
Aristotle’s view was that some animals arc produced sexually, and that, when 
they are so produced, their resemblance to their parents is due to the nutrient 
material absorbed by the egg or embryo from the semmal fluid of the male 
and a supposedly analogous fluid supplied by the mother The last was 
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Pig. 395 — Sex in Flowering Plants 

1 he hgure below shows (below) the parts of a typical flower with a compound inferior 
ovary containing many ovules or immature seeds If the stamens are snipped off the 
young flower before anthers burst and set free the pollen, no seeds will be formed by 
plants kept under glass to exclude insects or wmd-blown pollen Such castrated flowers 
will produce normal seed, if pollen is dusted over the stigma with a fine brush When, 
as above, there are separate staininate and pistillate flowers, the latter will not form 
ripe seed, unless there are pollinate flowers m the neighbourhood 


identified with the menstruum of mammals In contradistmction to this the 
modem view is that the bodies of all animals and plants ordmanly so described 
(as distmct from micro-orgamsms) are built up of microscopic bncks called 
cells, and the essence of fertilization hes m the fact that two sex cells {gametes) 
produced, one (the sperm) by the male parent and one (the ovum or egg-cell) 
by the female parent , together thereby imtiatmg a process of division 
which leads to the production of a many-celled embryo 
The gamete which is called the egg-cell or ovum, produced by the parent 
called female when the sexes are separate, is always larger th^ the male 
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gamete, and contams more or less storage matenal On account of this it may 
attam considerable dimensions before fertilization ensues, and is then equiva- 
lent to what Aristotle calls an egg or mdamental capsule Ordinary flowers 
combme in one structure the pollen-producing organs (anthers) and egg- 
cell-contaimng organs (ovules) Anthers and ovules are sometimes borne in 
separate flowers on separate plants (e g date, spinach, willow, dog’s mercury, 
and holly) or in separate flowers of the same shoot (stingmg-nettles, 
cucumbers) Similariy semen-producing organs (testes) and ogg-producing 
organs (ovaries) in many groups of animals occur simultaneously (barnacles, 
earthworms, snails) or successively (oyster, starfish, lamprey) in the same 
mdividual 

In some animals such as snails, human beings, and birds, the seminal fluid 



Fig 39(> — A More Primitive Iype of Flower than the One Shown in the 
Previous Figure with Sfparate Ovaries, Each Containing a Single Ovule 


is mtroduced mto the oviduct of the female and the egg is fertilized mside 
the female body The male of many land animals has a special organ, the penis^ 
which is used to introduce the semmal flmd into the body of the female The 
frog and the fowl do not possess one Many marme animals (eg oysters, 
starfishes, marme worms, sea anemones) shed both eggs and semmal fluid 
mto the sea There is no act of sexual umon between the two parents them- 
selves Hence the bodily act which bnngs the semen mto contact with the 
egg is less important to the naturalist than to the dramatist It has therefore 
ceased to be regarded as the most characteristic feature of what biologists 
mean when they talk about sex 

Two links m this cham were by-products of the early microscopes One 
was the discovery of the male sex cell or sperm. The other was a gradual acqm- 
sition The word cell was first used by Hooke m his Micrographia to describe 
the resemblance of cork to a honeycomb, when highly magnified Leeuwen- 
hoek also noticed that human blood is not a homogeneous fluid. It is a dense 
suspension of mmutc bodies, some colourless (white corpuscles), others 
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which are ovoid discs (red corpuscles) containing haemoglobin Subsequent 
progress in the microscopic anatomy of animals was slow, because ammal 
tissues are soft and yielding Plant bodies (Fig 398) are made up of tissues 
composed of bricks surrounded by a thin wail of cellulose which persists 
after death, so that even m dead tissue like corn the cellular structure is 
readily visible On this account they can be easily shced with a sharp razor 
into thin sections which are sufficiently translucent to expose their make-up 
when exanuned through the microscope 

now ANIMAL BIOLOGY WAS SIDETRACKED 
That progress in the study of plant reproduction was closely linked with 
the practice of horticulture and agricultural seed production is beyond dis- 



Fig J07 — Relative Position of the Organs of Nitrogenous Excretion (Kidneys 
AND Bladder) and of Reproduction in Man 

On the left, female, on the right, male 


pute Nor can we doubt the immense stimulus which the eluadation of repro- 
ductive phenomena m animals received from parallel enquiries conducted 
by botamsts The title of Purkmje’s treanse pubhshed in 1839 On the ana- 
logies in the structural elements in animals and plants is eloquent testimony 
to the debt which current knowledge of the material basis of inheritance in 
animals owes to the recogmtion of the cellular structure of the plant body 
It is equally emphasized by the scope of an important memoir pubhshed by 
Caspar Wolff m the closmg years of the eighteenth century 
The importance of Wolff’s work recalls an madent, which has been men- 
tioned in an earher chapter The briUiant lead of the early Enghsh physicists 
dunng the latter half of the seventeenth century was sidetracked by the 
Continental doctrme of phlogiston which came to the rescue of Anstotehan 
chemistry Contemporary with Hooke and Mayow, Malpighi had made 
correa observanons on the hen’s egg, even descnbmg the formation of the 
heart from an undifferentiated region of tissue, when classical erudition re- 
habihtated the remnants of Aristotle’s spontaneous generation m the doctnne 
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of “preformation ” A bemg complete m all its essentials lay concealed from 
view — or from the magnifymg power of microscopes then available — m the 



Fig 398 — Cellular Structure of the Flowering Plant — Diagrammatic View 
OF the Microscopic Anatomy of a Young Stem 

The young stem of a flowermg plant consists of three mam ussues or groups of tissues 
(a) an outer covering or epidermis of thick-walled cells with an outer cuucularized coat 
protectmg the underlymg tissues from evaporation, (6) thm-walled cells containing 
abundant fluid and forming a packing (cortex and ptth)^ (c) a rmg of vascular bundles 
of conductmg tissue contmuous with the “veins” of the leaf Fach vascular bundle 
contains three mam tissues (a) the wood, consistmg mamly of icood vessels Origmally 
elongated cells with spirally thickened walls, the transverse partitions where they are 
jomed end to end break down, and the cell substance dies, so that hollow tubes of fine 
bore are formed, rurming from the roots to the leaves, (b) the bast, consisting largely 
of sieve-tubes^ elongated, dead conductmg cells with perforated ends, (c) a few layers 
of thm-walled cambium cells, which muluply to form new wood on the inside and new 
bast on the outside As the stem gets older, the cambium may jom up to form a com- 
plete rmg, laymg down contmuous rmgs of wood and bast which accumulate from 
year to year, formmg in the case of the wood the annual rings of woody plants 

In 9 young stem the cells just below the epidermis usually contain the green pigment 
chlorophyll concentrated m round corpuscles mdicated by black dots in the figure 
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egg, or alternatively as the spcnnatists argued, m the sperm. The alterna- 
tive view had repercussions on the century-old controversy concemmg the 
conception of the Virgin by the Blessed St Anne Smce theological ingenuity 



Fig 390 — Cellular Structure of the Animal Body 

(a) Cube cut from the skin of the frog shewing successive layers of cells which make 
up the outer skin or epidermis> and a simple pit-like gland whose slimy secretion 
keeps the surface moist 

{b) Lining membrane of the human wmdpipe, the cells have fine vibiatile outgrowths 
called ctha^ whose swaying motion keeps tlie moist film of phlegm circulating 

(c) Cartilage from shoulder blade of frog, shewmg cells lymg m a gelatmous matrix 
which they secrete 

(d) Teased out muscle fibres from the human bladder Each contractile fibre is a 
smgle elongated cell 

(e) Three kmds of white blood cells and a group of red blood corpuscles from man 


had not as yet achieved a settlement of the conflictmg tenets of the Dominican 
and Benedictine schools, the issue provided ample scope for manly sentiment 
and promoted a voluimnous hterature 
The method of analysis which underlies the exploits of the preforma- 
tiomst writers of the eighteenth century will offer no difficulties to those who 
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have equipped themselves with a knowledge of current economics If 
the sperm is the agency by which the manhood of the male parent 
passes to his son, the recogmtion of manhood in the sperm is inherent in 
the original dcfimuons of the subjea matter of embryology To be sure the 
homunculus was difficult to see with ±e aid of lenses What the lens could 
not do through the hmitations of mere empiricism, logic supplemented in 
the illustrations to the text (Fig 400) of Hartsoeker and Ddenpatius A 
century of phlogistonism intervenes between Hooke and Lavoisier, a century 
of preformatiomsm between Malpighi and Wolff 
Wolff’s microscopic studies showed ( 1 ) that the organs of a growing plant 
develop from umform cellular regions at the up of the growmg shoot or 



\ Ui — bL>UlMArO/OA AS SttN WITH THE MICROSCOPE AND WITH HIE liYL 01 bAHH 


.1, by t, LLLQ\\cnhock from the dog (U)7M) J, Hartsoeker from man showing the 
“homuneulus” c, /, gy Francois Planndcs (Dalcnpatius) from man e, intact 

j ind i;, broken to show the “homunculi” (F)9M) From Dr Charles Singer’s Shoit 
History oj Biology (Oxford) 


root, (u) that the parts of a flower arise from undifterenUated cells as do leaf 
buds, (ui) that the organs of the chick are gradually evolved from a mass 
of cellular tissue which is at first indisUnguishable 


COMING 01 THE MODERN MICROSCOPE 

I he introduction of achromauc lenses was immediately followed by ex- 
tensive researches into the details of development, notably the work of Van 
Baer on the rabbit and other mammals Its firstfruits were an immense and 
ripid increase in knowledge about reproduction in plants Between 1821 and 
IsdO Amici, an Italian physicist who was foremost m the improvement 
ot microscopic construcUon as inventor of the “immersion” lens, 
recorded the way in which the pollen gram germinates on the stigma, and 
described the pollen tube which grows through the ussues of the pisul, finally 
making us wa> into an ovnile In 1846, when the new cell doctrme was 
alrcadv established, he described the single egg cell in the “embryo sac” of 
the o\'ule 4 he importance of this observauon, which is fundamental for the 
theory and practice of modern hybridizauon, extends far beyond the repro- 
duaion of fiow'enng plants It may well be doubted whether the nature of 
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fertilization in animals would have been eluadated without the previous 
knowledge that a smgle pollen gram fertilizes a single ovule 
New facts remained to be discovered before the essential similarities could 
be fully understood^ and these were discovered in the fifties, first by the work 
of Hofmeister, a German botanist who left school at the age of fifteen to work 
in a shop, and subsequently by the researches of Prmgsheim The work of 
these men extended knowledge of sexuality to the flowerless plants Aside 
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riG 401 —Fertilization in a Flowering Plant 


When the pollen gram leaves the anther it is a single spherical cell with a single nucleus 
Here two are seen germinating on the stigma of a flower with an ovary which contains 
a single ovule One of the pollen grains has sent out a pollen tube which has grow n 
down through the stigma and penetrated the ovule, reaching the ripe ‘^embryo sac” 
or female prothallus (see p 945) The sperm nucleus, one of three formed by division 
of the nucleus of the pollen grain, is about to unite with that of the egg cell As you 
will see later from the discussion on p 945, the **ovary” or seed vessel of a flowering 
plant does not strictly correspond to the ovary of an animal 


from the impetus which commercial seed production and hybridization 
supplied, the study of the reproductive phenomena in the lower plants was 
beginning to attract attention, on account of growing interest in the part 
played by fungi as agents of plant disease Thomas Kmght concludes a paper 
dehvered to the Horticultural Society in 1815 with the words 

The enormous mjury which the crops of wheat sustained m 1814 and other 
seasons by mildew attaches a great degree of interest to the investigation of the 
habits of parasitical plants of this tribe 

2D 
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SEX IN THE LOWER PLANTS 

There are three ways in which plants reproduce Two of these are common 
to plants and animals One is vegetative^ i e by a growth or bud from the 
body of the plant or animal The bud gradually may assume the form of the 
full-grown organism before or after it is detached to form a new and separate 
one Runners of strawberries, bulbs of daffodils, root-stocks of irises, tubers 
of potatoes are famihar examples of a process also common among marine 
sedentary animals which form colomes, as do corals, sea mats, and sea squirts 



A, Leaf of fem The small round objects on the under side of tlie leaf are the covers 
of the groups of sporangia, shown more clearly in B, which is a portion of the leaf 
magnified C, group of sporangia cut through the middle 


Some orgamsms when cut mto pieces regenerate the missing organs of 
each part Worms and sea anemones sometimes do this and plants can be 
propagated by artificial vegetative reproduction, as m the practice of “cuttings” 
and grafts 

In contradistmction to sexual reproduction and vegetative reproducuon 
common to plants and animals, asexual reproduction by fine spores^ like the 
dust of the puffball or of mildews, and the fine powder which can be shaken 
from the underside of the fem leaf or along the edges of the leaflets of the 
bracken, is peculiar to plants Till the introduction of the compound micro- 
scope, spore production was the only form of reproduction known to exist 
in the non-flowermg plants Fern spores are single cells Each is a mmute 
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spherical body (Fig 402), produced in small stalked capsules which are 
attached to a sort of cushion or pad on the under surface of the leaves These 
pads are protected by the folded edge of the leaflets or by a sort of umbrella 
which IS of yellowish brown colour 

It is easy to cut a section of the fern leaf with a safety razor blade if it is 
pressed between two pieces of pith or the soft stem of a geramum If the 
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Pig 401 — Sexual Reproduction of the Pern 


section IS mounted on a glass shde in a drop of water and exammed under a 
microscope, the leaf itself is seen to be made up of disunct layers of separate 
bricks, or cells The cells of each layer have charaaenstic features in virtue 
of which they are spoken of as forming distmct “tissues,” The spore capsule 
and its cushion are also made up of separate cells, the walls of the former 
being flat and thm When it is young and not fully formed, the spore capsule 
IS a mass of similar cells , from one of the inner mass of cells each spore is 
formed When fully formed it has a thick woody coat, but remams undivided 
until the spore capsule ruptures and sets it free, when npe 
Blown by the wmd, it may settle on damp earth It then germinates That 
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IS to say. It divides repeatedly to form a flat plate of cells which is green 
and heart-shaped, rather like a liverwort (see Fig 404) which chngs to wet 
rocks or damp walls 1 his small green plant, the fern prothallus (Fig 403), 



I iG 404 — The Life Cycle of the Liverwort, a Flat Amorphous Green Plant 
Allied to the Mosses and Found Growing on Moist Walls or Rocks by Streams 


has no separate shoot, leaves, or root-stock like the famihar spore-bearing 
form Apart from the fact that some cells on the lower side — root hairs — 
are drawn out into fine tubes which penetrate the damp soil, it has no dis- 
tinct tissue layers like a leaf At the pomted end on the un^^^r-surface, 
in the film of moisture which separates the prothallus from the soil, small 
globular masses of cells are formed among the root hairs These are the 
male organs or testes of the fern — botamsts call them antheridia The inner 
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cells of this mass become spirally coiled and their ends become equipped 
with vibratile filaments or aha by which they can swim about when the wall 
of the tesus bursts Farther forward on the under-surface of the prothallus 
are projecuons formed by an open hollow column of cells like the neck of a 
bottle These are the ovaries— botamsts call tliem archegoma — each of which 
contams a large round cell — the egg cell or ovum — at the bottom of the cavity 
mto which the orifice of the neck leads The motile cihated cells or sperms 
set free when the testes burst swim to the ovaries, and make their way down 
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hiG 405 — Primitive Sexuality in a Oresiiwater Greln Alga 

The green scum found near the edge of stagnant ponds commonly contams a tangle 
of fine threads just thick enough to be visible to the naked eye Beneath the microscope 
they are usually found to consist of long cells arranged m single file A common species 
of this type of plant life is the green alga called Spirogyra on account of the spirally 
coiled poruon of ceil substance (chloroplast) charged with green pigment When the 
water is drying up, adjacent filaments often send out fine tubes which fuse (a, 6), so 
that the rounded off contents of a cell of one filament can pass over and unite with 
those of another The fertilized cell formed by tins undifferentiated sexuality surrounds 
Itself with a resistant membrane (c) It can survive drought, and in favourable con- 
ditions divides successively lengthwise to form a new hlamcntous plant In some algae 
a motile cihated gamete or sperm is distinguishable from a non-moule larger egg cell 
The gametes are not visibly distinct m Spirogyra 


the neck One and only one of the many which are swimming near the surface 
fuses bodily with the egg cell 

The ovum is then said to be fertilized and divides mto two like a spore 
Each daughter cell divides mto two — and so on — fomung a mass of cells or 
embryo which does not become a prothallus It soon develops an up -growing 
shoot and a down-growing root stock with tissues characteristic of the fern 
The prothallus dies as the embryo grows into a recognizable fern plant Thus 
ferns show a regular alternation of generations — the sexless green fern plant 
which IS fitted to exposed condiuons and produces spores which withstand 
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drought, and the less conspicuous, more ephemeral, sexual prothallus which 
produces eggs and sperm Its eggs and sperms resemble tliose of a human 
bemg or an oyster more closely than the eggs and sperms of a shrimp resemble 
those of a bird Hence it is not difficult to realize how growmg knowledge of 
the reproduction of the lower plants stimulated the study of reproduction 
m the lower animals and provided the clue to new features of the sexual 
process m the higher ones 

Sexual reproducUon in the true mosses (as opposed to the club mosses 
which are really like ferns) and liverworts is very much hke that of ferns 
There are two generauons — a sexual and an asexual The important difference 
is that what we ordinarily call the moss plant or the hverwort is the sexual 
generauon The asexual plant which produces its spores, while still remainmg 
more or less completely parasitic on the sexual generation and still attached 
to It, like the young fern plant m Fig 403, never grows true leaves It dies 
after producing spores in a single capsule at the end of a leafless shoot, while 
the sexual plant lives on The body of the hverworts found on wet walls and 
rocks by streams has no distinct leaves and is indeed very much like that of 
the sexual fern plant or prothallus — a flat plate of cells several layers thick 
with root hairs on the underside (Fig 404) The ovanes and testes produced 
on the upper surface are m other ways as much like those of one fern as 
those of one fern arc like those of another, and the spermatozoa are motile 
with two long vibratile hlainents or cilia The underlymg resemblance of 
reproduction m flowermg and non-flowermg plants will be discussed later 


ANIMAL REPRODUCTION 

The material basis of the reproductive process in animals as we now know 
It has been advanced greatly by the invcnuon of an mstrument called the 
microtome On a smaller scale a microtome is essentially like the machme 
used in large grocery stores tor cutting rashers of bacon Animal tissues arc 
generally too soft to be cut by hand into sections of smtable thickness for 
microscopic study They are first killed by treatment with a “fixative” 
mixture, e g a saturated soluuon of picric acid and formahn This preserves 
the appearance seen in hfe without much shrinkage They are then embedded 
m wax To do this the water is taken out of small pieces of fixed tissue by 
successive immersion in alcohol, which itself freely mixes with wax solvents 
hke benzene or chloroform They are then put mto a wax solvent, and thence 
transferred to hqmd paraffin wax kept just above its meltmg pomt 

When the wax block contammg the tissue is cut on the microtome, suc- 
cessive sections adhere to form a ribbon, so that the order of the sections is 
preserved By means of flat plasticme or beeswax models of a sequence of 
sections of a small organ or ammal, a complete solid picture can then be built 
up, if required These wax ribbons produced by the microtome are stuck on 
a glass shde by a httle eggwhite which coagulates when warmed The wax is 
then dissolved away with a wax solvent (like chloroform or benzene), and 
the glass shdes are stamed with dyes which affect different assues or parts 
of a single cell to a different extent The secnons are finally immersed in a 
mixture called Canada Balsam which sets hard, has the same refracOve index 
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as glass and — if the water has been enurely withdrawn by dipping the slides 
in alcohol — makes the tissues translucent, just as grease makes ordinary 
paper translucent 
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Fig 400 —Primitive Sexuality in a Simple Fungus 

The simple fungi called moulds on old cheese, bread or jam are filaments like the simple 
algae Sometimes the branching filaments which form a mat on the surface of decaymg 
vegetable matter or in animal tissues (like ringworm) are divided mto separate cells 
like those of Spirogyra Sometimes they contain many nuclei with no separating cell 
walls The essential difference between algae and fungi is that the latter have no pig- 
ments which enable them to make starch, and are only able to exist by using decaying 
organic matter or by parasitic habits They repioduce mainly by forming asexual 
drought-resistmg spores which are smgle cells In addition like the algae they have a 
primitive type of sexuality, as shewn in this hgure wluch illustrates die microscopic 
picture of reproducuon m the mould called Aiucor which grows on dry bread 


It Will clarify the present state of knowledge about the matenal basis of 
parenthood in animals, if we base the ensuing account mainly on one common 
speacsj the frog, whose reproductive processes are easy to examine The 
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female frog differs from the male, bemg somewhat larger than it, and havmg 
no horny pad at the base of the thumb At the breedmg season, m Spnng, 
frogs may be found in ponds and streams m pairs A male tightly clasps 
a female about the body by the fore-lirabs, with his ventral surface m contact 
with her back Thus they remam, till the eggs are shed in great numbers 
embedded m masses of clear jelly, which may be seen floating on the surface 
of the water Each egg is almost completely sphencal, black m colour towards 
the pole which floats uppermost, and hghter beneath As the eggs are laid 
the male squirts a viscid stream, the semmal flmd, over the surface of the egg 
If the seminal fluid is examined with a microscope, it is seen to swarm with 
myriads of minute moving sperms With very high magmfication each sperm 
IS seen to be somewhat hke a tadpole in shape, having a short, thicker body 



Fig 407 —Fertilization in the Starfish 

Fach egg is surrounded by sperms attracted to it by a substance which it gives off into 
the water On the left one sperm is approaching the egg which sends out a cone of 
protoplasm to receive it On the right, a sperm has entered and a thin membrane is 
separating from the surface of the egg, keepmg the other sperms out 

with a thin whip-like tail or cihum (Fig 400) The sperm dashes hither and 
thither by its lashmg movements If the male is taken away from the female 
before the eggs are laid, and the latter removed from the body of the mother, 
the eggs will not develop mto tadpoles But if these eggs are placed in a 
bowl of water in which some seminal fluid obtained from a male is added, 
they become capable of developing Semmal fluid from which the sperms 
have been filtered off through several layers of blotung paper does not 
possess this fertilizmg power 

In 1879 two German investigators, Hertwig and Fol, first observed the 
process of animal fertilization under the microscope They were able to see 
that one sperm, and one only, bores its way into the egg of a sea urchin, as 
the prehminary to its development mto a new orgamsm (Fig 407) We now 
know this to be true of all animals that reproduce sexually Development of 
the egg starts when one of the mnumerable minute sperms contamed m the 
seminal fluid ejaculated by the male penetrates mto the substance of the egg 
Fertilization^ the process by which the egg starts to develop mto a new 
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creature, is, in all animals, the umon of one sperm with one egg All that 
we now mean by inheritance from the lather is the material substance of 
the sperm All that we mean by inheritance from the mother is the material 
of which the egg is composed 

As we now use the terms, an animal that produces eggs is a female An 
ammal that produces sperm is a male The eggs are produced in masses, 
which are called ovaries^ withm the body of the female The sperm are pro- 
duced in a slimy secretion, the semmal fluid, by organs known as testes 
(Figs 397 and 408) Collecuvely ovaries and testes are referred to as gonads 
In the female frog the ovaries occupy a large part of the body cavity m the 
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Fict 408 — Organs or Nitrogenous Excretion and of Reproduction in the Frog, 

Sefn in Ventral View 

(The position of the left ovary is indicated in shading only ) 


trunk region They arc masses of eggs in different stages of growth Two 
coiled white tubes (oviducts) convey them to the extenor at the breeding 
season With the excretory orifices the oviducts discharge into a short tube, 
the cloaca, between the legs In the male there are two yellow or white bodies 
of ellipsoidal shape — the testes — lying over the kidneys and communicating 
with the exterior by the same duct or passage which conveys the urme to the 
common excretory orifice (Fig 408) At the breeding season, when the eggs 
in the ovaries are ripe, they can be fertilized after removal from the body 
If kept in clean water they will not develop, unless a drop of semmal fluid, 
which can be prepared by crushing up the testis of a male m tap water, is 
added 

The sperms of nearly all ammals are very much ahke and are always of 
microscopic dimensions Eggs on the other hand vary greatly at the time 
of fertilization The egg of an ostrich weighs several pounds In the human 
female an egg about half the size of a full stop as prmted on this page is 

2D* 
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liberated into the oviduct once a month, after sexual maturity has been 
reached (about the age of thirteen) The process regularly occurs about mne 
days after the monthly renewing of the mucous membrane of the internal 












6 



Fig 409— Cell Division of Fertilized Egg 

Six photographs taken under the microscope with a cinematograph camera showme 
t^he fost few cell divisions of two fertilized sea-urchin eggs The time taken tror^ 
fertilization to the first division ^ one hour at 20° C (F ^fcs figure from 

H iViunro I ox, Cambridge University Press ) ^ 


generative passages and its accompanying haemorrhage The egg of a bird 
Me the ostrich or fowl, is fertilized before it enters the oviduct In its passage 
through the latter the essential part of the egg, the yolk, acquires a slimy 
coating, the albumen or white, and a chalky shell In spite of these differences 
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in the fully formed egg, very young eggs from the ovary of different animals 
are remarkably alike. 

The female frog lays her eggs embedded m masses of a dear jelly, analogous 
to the albumen of a fowl’s egg and likewise secreted by the wall of the oviduct 
They have no shell So we can study what follows fertihzation more easily 
m the frog than m an ammal whose eggs are protected by an opaque 
envelope or develop to a late stage in the body of the mother Once the 
sperm has made its way mto the egg a change occurs m its outermost layer 
No other sperm can now penetrate it In the sea-urchm’s egg and that of 
some lower plants this change is easily visible A stiff membrane is imme- 
diately produced (Fig 407) About three and a half hours after fertilization 
a furrow appears on the surface of the frog’s egg, which divides mto two The 
separauon is complete about four hours after fertilization The two halves, 
wluch are called cells^ do not separate to start separate hves of their own 
They remain connected and divide agam The process is repeated again and 
agam until, within twenty-four hours after fertilizanon, the black egg, as 
can be distmctly seen with a simple lens, is a hollow ball of many such cells 
(Fig 410) Thenceforth changes take place in the rate of mulaphcation of the 
cells m different regions From different groups of cells the various charac- 
teristic structures or organs of the body begm to take shape 

The details of development vary considerably in different ammals Eggs 
with a large amount of food stored m them do not divide as a whole The 
fowl’s egg IS an example After the sperm nucleus has umted with the egg 
nucleus, which hes in the clear circular area on the side of the yolk of an 
infertile fowl’s egg, the combmed nucleus divides m the usual way, but only 
a small pan of the fowl’s yolk is partitioned off round each cell (Fig 411) So 
the embryo is at first a small plate of cells lying on the surface of the remam- 
ing yolk and growmg at its expense The domestic fowl lays eggs at definite 
intervals — m high-laying strains like the White Leghorn about twenty-s»x 
hours The eggs are deposited whether they are feruhzed or not 


THE CELLULAR STRUCTURE OF THE LIVING BODY 

The cells of the frog embryo are all very much ahke at first and resemble 
a very small egg from the ovary The cells of different parts of the body in 
the tadpole or adult frog are not all alike in size or shape They all resemble 
one another m possessing a structure known as the nucleus^ which is very 
promment as a clear spherical body m the immature eggs When cells divide, 
the nucleus divides in a very charactensuc way 

Microscopic sections of the testis show that, like other organs of the body, it 
is composed of cells Its cells are^ constantly dividing to provide new sperm 
Each sperm is formed from a smgle cell of the testis, the head or thick 
portion of the sperm bemg the nucleus In a similar way, eggs are produced 
by cell division in the ovary When the sperm penetrates the egg, the tail 
or flagellum is either sloughed off or absorbed The body or nucleus 
swells up and unites with the nucleus of the egg m preparauon for the first 
“segmentation” division (Figs 409 and 410) 

Like the testis or ovary, the substance of all the organs of the animal 
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body IS also built up of microscopic bncks called cells (Fig 399) In some 
tissues like bone and cartilage the bricks are separated by a good deal of 
plaster, or to use the technical terms, matrix Others, such as the epithelia or 
linmg membranes of all surfaces, internal or external, mcludmg the tubular 
caviues of the glands, consist simply of cells packed closely together Although 
the cells of different ussues acquire different shapes and sizes as the develop- 
ment of the frog’s egg proceeds, they all arise by division of the undifferen- 
nated cells in the hollow ball stage The process of cell division mvolves the 
partition of the nucleus in the same characteristic manner, described under 
the term mitosis {vide infra) Its detailed features were not described till high- 
power microscopes began to be used 

To recognize the debt which present knowledge of reproduction in animals 
owes to the progress of botanical studies more directly related to the social 
needs of the time, it is only necessary to recall a few of the steps which led 
to the discovery made by Hertwig and Fol m 1870 Although Leeuwenhoek 
had believed that the sperm impregnates the egg, and botamsts had been 
helped by its discovery to the recogmtion of sex in plants, prevaihng opmion 
in the early years of the nineteenth century had been swung over by new 
discoveries of independent micro-orgamsms to the behef that the sperm is 
a parasite In Cuvier’s zoological treanse (1817) they are classed under a 
separate genus, Cercaria^ with creatures now known to be microscopic 
larvae of parasiuc worms like the hver fluke The homunculus was m retreat 
and the sperm was generally supposed to play no essential part m fertiliza- 
tion Meanwhile botanical science m close relation to practical needs had 
progressed far ahead of zoology The great zoologist Owen, writmg in 1835, 
said it was still a matter of doubt whether spermatozoa were comparable to 
pollen grams or whether they were mdependent species Treviranus, who 
started by inclining to Cuvier’s view, adopted a new orientation to the problem 
m the year (1833) after the cell doctrme of the plant body was established He 
compared sperms to the pollen of plants, as Moreland had compared pollen 
grains to sperm a century earher, and suggested that they were formed 
from the tubular walls of the testis as pollen grains are formed from the cells 
of the anthers 

Kolhker observed that this was true in 1841 The essential part which the 
sperm plays was experimentally proved by two Frenchmen m 1824 — almost 
immediately after the first microscopic observauons on the formation of the 
pollen tube They repeated with greater care earlier and, as he thought, in- 
conclusive experiments of Spallanzam The latter had shovm that semmal 
fluid, filtered through several layers of blotting paper to retain all the sperms, 
will not fertilize frog’s eggs, though the residue of spermatozoa suspended in 
water will do so Newport, who confirmed these experiments mcontestably 
in the course of researches started about the time when the fertihzation of 
the flowerless plants with moule sperms was established by Hofmeister, could 
still write m 1851 {Phil Trans Roy Soc ) 

We are as yet entirely without proof that any material influence or substance is 
actually transmitted from the spermatozoon and although not a trace of 
the spermatozoon is detected in the ovum, we have seen that it remains a long 
rime on the surface 
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To observe directly the surprising fact that only one sperm enters the egg 
of an animal in the act of fertilizauon calls for good nucroscopic techmque 
and good powers of patient observation We may well doubt whether the 
search would have been brought to a successful conclusion, if the work of 
botamsts had not provided sohd ground for hope When motile sperms 
were discovered m flowerless plants, plant microscopists were already 
faimhar with the fact that a smgle pollen gram penetrates a smgle ovule 
They were naturally disposed to explore the possibihty that the egg of a 
fern prothallus or moss plant is fertihzed by a smgle sperm The discovery of 
sperms and egg cells, essentially like those of so many marme ammals, in 
mosses and ferns made it difficult to doubt that the umon of two cells is 
the fundamental feature of sexual reproduction common to ammals and plants 
Progress in knowledge of animal reproduction during the first half of the 
mneteenth century was a by-product of new social needs which sumulated 
enqmry into the propagation of plants and of new means of mvesagauon 
made possible by techmcal improvements of optical mstruments The new 
botany furnished the clues for further msight into the knowledge of sex and 
development among ammals When the twentieth century dawned, the science 
of animal breedmg received a spectacular impetus from the study of plant 
hybndization, and reaped a rich harvest from the knowledge which had 
accumulated meanwhile (see Chapter XXI) 

THE PHYSICAL NATURE OF FERTILIZATION 

The entry of the sperm is a physical event associated with material changes 
in the egg, and these changes are capable of being mutated One of them is 
an increase of permeabihty to dissolved substances Physical agents which 
change the seim-permeable property of the egg periphery are capable of 
startmg the process of cleavage without the aid of the sperm In 1899 the 
brilhant American biologist, Jacques Loeb, discovered that eggs of a sea- 
urchm placed m a mixture of sea water and magnesium chloride about twice 
the molar concentration of sea water, grew mto free-swimmmg larvae He 
found later that this was not due to the specific action of magnesium, smee 
sea water made more concentrated with a variety of substances would do 
exactly the same Moreover, the concentrauon of each substance which was 
most effecQve, m produemg the greatest number of successes, was found to 
be such as to exert a defimte osmotic pressure It had to have a measurable 
and fixed power of withdrawmg water from the egg Subsequently Loeb 
found that by prelimmary msertion of the eggs in acidified sea water, 100 per 
cent fertilization could be obtamed The strength of acid is related to the 
ease with which it will pass through the fatty outside layer of the egg By 
various methods artificial parthenogenesis has now been carried out with a 
variety of species The frog’s egg will develop without the aid of the sperm 
if pneked with a fine glass fibre Fatherless tadpoles have actually been raised 
through the metamorphosis stage to the adult condition 

DEVELOPMENT OF THE ANIMAL BODY 

The development of the egg of a frog, as described by Newport and his 
successors, has a very great advantage over that of other forms as an aid to 
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understanding the way m which the complex architecture of the body is 
built up Some of the most important features of the process can be followed 
with no more elaborate apparatus than a simple hand lens A few hours after 
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Fig 410 — Stages in the Development of the Frog’s Egg 


fertilization^ divisions of the egg mto separate compartments or cells follow 
in rapid succession (Fig 410) At the time of fertihzation the egg shows a 
concentration of black pigment towards the uppermost pole Division pro- 
ceeds accordmg to a fixed rule The first division is parallel to the vertical 
axis, and the second is also in a verucal plane The third division is in the 
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horizontal plane, and separates off a tier of cells which contain black pigment 
from a tier of somewhat larger colourless cells Successive divisions take 
place in all planes A hollow sphere is thus formed The cells of the lower 
part are relatively larger and contain no black pigment 
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Fig 411 — Early Stages in the Development of the Egg of the Domestic Fowl 

(A) Diagram of unfertilized egg 

(B) Six stages m the segmentation of the germinal disc 

(C) Vertical section through the germinal disc when segmentation is complete 


Up to this stage the only hint of any differentiation of the immature 
being, or embryo^ into separate tissues or organs is the demarcation between 
the upper zone of smaller black cells and the lowerzone (Fig 410,/) composed 
of a somewhat irregular mass of cells rich in storage material or yolk Now 
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begins the stage of organ building Soon almost the entire surface of the 
embryo is covered with a layer of small pigmented cells, the large unpig- 
mented cells bemg evident only at one end, the yolk plug This is destined 
to be the posterior end of the tadpole 

Now begins the differentiation of two systems of organs charactensuc 
of the adult animal — the gut or ahmentary canal and the central nervous 
system The black outer covermg of ceds forms a distinct lip over the yolk 
plug on one side A small rhiiik beneath this hp grows inwards, enlarging 
as It grows This is the rudiment of the ahmentary cavity (Fig 410, h) of the 


dUantois 



At first the embryo was flattened against the yolk, and its gut was wide open to the 
yolk ventralJy Now it has gathered itself together and pinched itself off from the yolk 
with which, however, it sull remains conneaed by a stalk A thin layer of highly 
vascular tissue has spread over the yolk and is drawing nourishment from it The 
embryo, which shews the rudiments of eyes, limbs, and gill shts, is protected by a 
dome-like membrane, the amnion^ which contams fluid and aas like a water cushion 
The allantois is growing out from the hmd gut As the yolk-sac and albumen dtmimsh 
It will grow right round the embryo, becoming connected with the air-space and the 
shell, and serving as a respiratory organ At the end of development the stalk of the 
allantois becomes the urinary bladder 


tadpole It IS the embryomc gut Meanwhile a groove appears on the surface 
of the embryo from the region just above the hp already referred to The 
groove IS wider m front, and as it deepens, its edges grow up, and coalesce, 
so that a tube is formed beneath a thin covenng of cells This tube, broadest 
at the future head end, is the rudiment of the spmal cord and bram which 
retam a cavity throughout life in all vertebrates While this has been going 
on, cavitation of the mass of mtemal unpigmented cells has progressed 
mwards from the yolk plug 

The ongmal cavity of the sphere has been obhterated The new cavity 
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excavated inwards from the yolk plug wdl ulumately become the cavity of 
the alimentary canal As cavitation proceeds, a belt of cells is separated off 
from the mass of colourless cells which form the innermost part of the embryo 
This belt of tissue {mesoderm) is derived from cells which migrated mwards 
from the lips surrounding the yolk plug and is destined to give rise to the 
body musculature, mcludmg the walls of the blood vessels which arise as 
canals m it Beneath the dorsal rudiment of the central nervous system a rod 
of tissue IS detached from the roof of the primitive gut in the mid-dorsal Ime 



Fig 413 —The Young Embryo Mammal and its Accessory Membranes — 
Very Diagrammatic 


The double outer membrane m this figure is in part formed at a very early stage, ^d 
in part later, as a by-product of the development of the ammon The “yolk-sac” 
contains no yolk, but is so called because it corresponds m development and structural 
relations with the functional yolk-sac of birds and reptiles In kangaroos and opossums 
the yolk-sac is large and receives nourishment for the embryo from the uterine wall 
during the short pregnancy In higher mammals it may function in this way early in 
development, but this work is soon taken over by the allantois, which fuses with the 
outer membrane of this diagram, and with the uterme wall to form the placenta 
(Fig 414) 


The cells of this rod later become vacuolated, and the structure constitutes a 
suflf skeletal axis, the notochord Around the notochord, which is found m 
all venebrate embryos, the vertebral column is built up at a later stage 
The development of the egg of the fowl or of the human bemg differs 
in one important respect from that of the frog or of a fish Segmentation 
m the fowl and m man leads to the formation of a number of membranes 
which enclose the embryo before birth, but are discharged at the end of 
the embryomc life After fertilization, the nucleus of a fowl’s egg divides 
repeatedly, but as the yolk does not all divide with the nuclei, a thin plate 
of cells IS demarcated on the surface of the remainmg yolk (Fig 411) 
This plate of cells grows over the surface of the egg, and gives nse to a sac 
enclosmg the yolk and to a senes of envelopes which wrap round the embryo 
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proper (Fig 412 ). The remains of the yoJk sac are often present at the time of 

hatching . 1 1 c 

The human egg cell has practically no yolk, and it develops at nrst into 

a hollow ball of cells like the egg of the frog, but only a part of this hollow 
sphere grows into the body of the embryo Like the embryo fowl, the 
embryonic human bemg is invested with a senes of envelopes These enve- 
lopes, more especially the allantois (Figs 411 to 413), enter into very close 
connexion with the wall of the womb, which is specially well supphed with 
blood vessels during the nine months during which development completes 
Itself within the body of the mother The structure formed by this fusion 
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Ftg 4U —Human Foetus in the Uterus About Two Months After Conception 

The black lines in the placenta represent diagrammatically the capillaries containing 
the blood of the foetus, and the dotted spaces connect with the blood system of the 
mother The arrows show the circulation of the blood in both 


of maternal and embryomc tissues is called the placenta (Fig 414) By diffusion 
of nutrient matter through the thm films of tissue which separate the blood 
vessels of the mother from those of the embryo, the latter is able to grow 
m spite of the fact that the egg itself has no storage A feature common to the 
development of the fowl and the mammalian egg is the fact that, though 
It will develop into a land animal, the embryo at a certam stage has clefts on 
the side of the throat like those through which water passes over the gills 
of the tadpole or adult fish. 


METAMORPHOSIS 

After the embryo of the frog has reached the stage when the gut rudiment 
and the begmmngS of the nervous system have been differentiated, it grows 
more rapidly in the axis parallel to the length of the spmal cord After about 
a fortmght the head and tail ends are distmguishable The muscles of the 
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tail are sufficiently active to enable the embryo to wnggle out of the mass 
of jelly in which the eggs are laid Independent existence starts Unhke our- 
selves, the frog does not bcgm its separate existence with an organization 
very much like the sexually mature form The human baby at birth is essen- 
tially an immature adult The chief difterence is that it has no teeth, and even 
after it acquires teeth it has to shed one set of them before the permanent 
set appear The sexual organs are immature and remain so until about the 
age of fourteen, when certain mmor distmctions between the sexes {secondary 
sexual characters) such as the pitch of voice, presence of hair on the upper hp 



Fig IK) — Very Diagrammatic Horizomal Section of a Young Tadpole, 
Shewing on the Left an Early Stage in which the External Gills are Fully 
Developed, and on the Right a Later Stage, when ihf Fxiernal Gills have 
Disappeared, the Gill-cleits have Broken Through and are Protected by a 
Gill Cover or Operculum 


and chin of the male, and enlargement of the milk glands m the female, 
become evident 

Otherwise a human adult is in most respects, anatomically speakmg, a 
grown-up baby The embryo of the frog, which has hitherto grown at the 
expense of food or “yolk’’ stored m the egg, is very different from the adult 
when It first starts mdependent feedmg It breathes like a fish by gills and 
not by lungs The arterial system is essentially fish-like It has no fore-hmbs 
and only the umest rudiments of hmd-limbs It possesses a tad 

On each side of the throat m the newly hatched tadpole of the frog, shortly 
after the tunc of hatching out, there are four clefts which later communicate 
with the exterior and with the throat, thus lettmg water pass from the mouth 
outwards (Fig 415) The walls between these clefts are known as the gill 
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arches From the first three gill arches there grow out on either side tufts 
of filaments well supplied with blood vessels These “external” gills disappear 
within a few days The gill clefts then break through and the sides of the gill 
arches become covered with folds of skin very richly supphed with blood 
vessels like the gills of a fish A fold of skin, the operculum, also similar to 
that of a fish, grows back over the gill clefts, as m many fishes, and conceals 
the gill from outside The tadpole continues to breathe partly by its skin 
and partly by passing water over the gill clefts, which absorb the oxygen 
contained in it, and at first it has no true lungs This state of affairs is not 
permanent The tadpole stage of the British common frog lasts only about 
three months An abrupt change supervenes, and in a very short time the 
adult charactensucs are assumed This change is called the metamorphosis 
The precedmg phase or tadpole stage is spoken of as the larval period At 
metamorphosis the hind-hmbs, which m the half-grown tadpole are tiny 
rudiments, begin to grow rapidly Then the rudiments of the fore-limbs 



Fig 4l() — ONE-EYtD Tadpole, Produced by Exposing th^ Yolk Plug Stage to 
THE Action of Lithium Chloride 

break through the skm Fmally the gill clefts begm to close up, and the tail 
shrinks A four-legged, air-breathmg, tailless adult emerges on to land 
1 he way m which an animal develops is a very difficult problem to under- 
stand, and we are only just begiiming to do so It is possible to experiment 
with the development of a frog or toad just as it is possible to experiment with 
the heart or the stomach We can make the eggs of a frog or toad grow up 
into individuals with two heads or two tails or with one eye on the top of 
the head mstead of two (Fig 416) One question about the development of 
the frog which we are beginnmg to understand is of considerable importance 
in medicme and agriculture This is, what brings about the sudden trans- 
formation from the tadpole mto the adult form^ 

In the neck of the human bemg there is a flat lump of tissue known as 
the thyroid gland It is represented in the frog by a pair of ovoid bodies on 
either side of two large vems of the neck region In both man and the frog 
the th 5 T 0 id gland consists of small capsules of a jellyish material, and is very 
richly supphed with blood vessels Like the adrenal and pituitary glands, 
two other structures which are somewhat like the digestive glands in texture. 
It has no duct Such organs are for that reason sometimes called ductless 
glands The jellyish material of the thyroid gland is pecuhar m that it con- 
tams a compound of lodme, an element not found in other tissues of the 
animal body When the thyroid gland of any animal is given as food to young 
tadpoles they start to develop hmbs and to lose their tails vcry,rapidly 
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A large American frog, which normally hves for two years m water as a 
tadpole, will undergo metamorphosis witlun six weeks from hatchmg, if fed 
on thyroid gland mstead of ordmary meat The thyroid gland of the tadpole 
can be removed by a comparatively simple surgical operation about the time 
of hatchmg, and tadpoles deprived of ±eir thyroid glands, though otherwise 
normal, will go on growmg for years without undergomg metamorphosis 
They never assume the adult characteristics Among human bemgs there is 
a disease of infancy known as cretinisin Its characteristics mclude permanent 
undergrowth and persistence of childish characteristics It can now be cured, 
as these cretm tadpoles can be cured, by givmg thyroid gland (dried and 
in the form of a pill) as medicme Metamorphosis occurs when the thyroid 
gland begins to pour its secretion mto the blood 1 adpoles can also be pre- 
vented from developmg mto the adult form if kept m water free of any trace 
of iodine compounds 

The thyroid lodme compound can now be manufactured from pure 
chemicals m the laboratory In districts where there is httle iodine m the 
soil or drmkmg water — as m parts of Switzerland — thyroid deficiency 
diseases such as goitre are common Pigs are specially sensitive to lodme 
deficiency, and there have been big losses of pig stock m certam parts of 
America on this account The losses in the State of Montana m 1916 repre- 
sented about ;C1,000,000 Successful pig farnung is now possible m such 
localities, because a small quantity of an iodine salt added to the diet is 
sufficient to safeguard the pig breeder 

HEREDITY AND ENVIRONMENT 

There is a local variety of the Mexican salamander, which never grows 
mto the land form m nature It remams a sort of tadpole called the axolotl^ 
and breeds m the immature state Though a smgle meal of ox-thyroid suffices 
to turn it mto a land salamander m six weeks, supplymg it with lodme does 
not make it develop mto a land form like that of similar salamander larvae 
m other locahties Its own thyroid does not have the power to use lodme The 
Mexican salamander does not develop mto the land form in nature, because 
It inherits from its ancestors an mefhcient thyroid gland Tadpoles m moun- 
tain lakes sometimes fail to develop because there is msuffiaent lodme m 
their erwironment 

This gives us an opportimity for examimng two words used very loosely 
by people who have no biological trammg By inheritance we simply mean 
the stuff which the sperm and the egg contnbute to the new bemg How that 
stuff will shape depends partly on what sort of stuff it is, that is to say, on what 
sort of parents it came from, and partly on the surroundmgs m which it finds 
Itself Before the nature of reproduction was understood as we understand 
It today. It was generally beheved that any bodily change which results from 
a change m our surroundmgs can be transmitted to our children Experiment 
does not support this view, which was commonly beheved m the past and 
was stated m a very exphcit form by Lamarck m his Pkilosopkte Zoologtque 
The hereditary stuff does occasionally undergo great changes Sports appear, 
and breed true to their new charactenstics Otherwise the same materials 
are transmitted from generauon to generation unchanged through the sperm 
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and the egg. Heredity and environment are different aspects of develop- 
ment What we inhertt ts a capacity to develop in a particular way in a particular 
environment 

When the Lamarckian prinaple was first challenged, even prominent 
scientists were willing to behevc fables such as the story that a cock deprived 
of one eye transmits eye-defccts to all his offsprmg When it was conclusively 
proved that mutilations effected through several generanons left no impress 
on the hereditable characters of the stock, the Lamarckians fell back on the 
gratuitous defence that only “adaptive” changes could be transmitted The 
prease meamng of the adjective was never defined No reason was forth- 
commg to suggest how the gonads could discmmnate betv^een mutilations 
and bodily changes that are “adaptive ” 

The doctrine of Lamarck was first called m question during the decade 
when the nature of fertihzation was finally elucidated To understand the 
tenacity with which the belief m the Lamarckian principle has clung to 
biological thought, we have to remember that the microscopic study of 
development is the most recently developed branch of anatomical science 
So until the middle of the nmeteenth century, the current conception of 
mhentance m biology was closely analogous to the legal notion The parent 
was supposed to hand on its characters to the offsprmg m the same sense as 
the well-to-do hand on their belongmgs While so erroneous a doctrme as 
preformanon could prevail, the so-called mhentance of acqmred characters 
seemed a perfectly reasonable view 

One question of special interest in connection with development arises 
from one of the earliest biotechmcal inventions of mankmd Between the ages 
of twelve to seventeen there is more or less abrupt development of what 
we have already called the “secondary sexual characters” m girls and boys 
The age of puberty may be compared to the penod of metamorphosis m the 
frog At puberty, so called because of the appearance of hair on the pubic 
region (i e the region where the legs )om the trunk), the ovaries begin to 
liberate egg cells and the testes begm to manufacture semmal fluid The 
development of the secondary sexual characters, e g bass voice and beard of 
the male, can be prevented by removal of the gonads, just as the meta- 
morphosis of the frog can be prevented by removal of the thyroid glands. 

Just as the loss of the larval characters is dependent on the activity of the 
tliyroid gland m frogs, toads, and salamanders, the assumption of the most 
obvious differences between the sexes in many other animals also depends 
on the activity of the gonads In fowls the hen will assume the plumage and 
spurs of the cock, if the ovary is removed at any ume in the life cycle One 
result of removal of the gonads (castration) is that the mdividual tends to 
deposit fat in the tissues, for which reason castrauon is practised in agn- 
culture From an«ient times castration was practised m cattle reanng, for 
which a single normal male suffices to serve a large number of females It 
was also earned out on the male of the human species Such mdividuals are 
called eunuchs Recent expenments have opened up new possibihties m 
biotechnology by throwing hght on the chemical composition of the sex 
secretions Before long they will be manufactured in the laboratory, and the 
discomforts of the menopause may be alleviated. 
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SFX DETERMINATION 

A number of facts about animals suggest the mtervenaon of some agencies 
tendmg to predetermine the sex of the developmg orgamsm at a very early 
stage m development, m fact at the time of fertilization Some of them are 





Fig 417 — Cell Division by Mikais 

This figure shews rather schematically the chief stages of mitotic cell division m an 
oiganism with four chromosomes m each of the ordinary cells of the body 1 Resting 
nucleus just before commencement of division 2 Spindle forming and the four 
chromosomes distinct, each with the beginnings of a longitudinal split 3 The spmdle 
extends across the centre of the cell, the membrane enclosing the nucleus has dis- 
appeared, and the chromosomes are becoming short and thick 4 The compact 
chromosomes he along the equator of the cell 5 Chromosomes separating, cell elon- 
gating 6 Cell beginning to divide, daughter chromosomes beginning to become 
diffuse and to run together to form two new nuclei 7 Cell division complete and 
daughter nuclei entering a new resung phase 

of great importance to the modern pracuce of crop and stock breeding, as 
explained m Chapter XXI One which was known to pracucal beekeepers 
in ancient times — mdecd Aristotle attacked the behef-— is that the male 
bee or wasp is produced from unfemhzed eggs The female (queens and 
workers) are produced m the usual way In some ammals the products 
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of the first segmentation divisions separate^ and several embryos are pro- 
duced from one egg When this happens, as m the production of “identical 
twins” in the human species, the mdividuals produced from a single egg 
are always of the same sex The mne>banded armadillo produces fitters of 
four young from a smgle egg Individuals of the same brood are always 
of the same sex In related species of armadillos, which produce fitters from 
several eggs shed at once, individuals of the same litter may be cither male 
or female Clearly something which happens before segmentation begins 
decides the sex of the individual 



l^iG 418 — Fertilization and titl First I wo Divisions of the Egg 

The species shewn has four chromosonnes in the division of the ordinary body cell« 
The sperm and egg each contribute t\\o 1 Penetration of sperm and formation of 
membrane preventing the entry ol other sperms (as m sea-urchins and starfish), 2 and 
3 swelling of the sperm nucleus, 4 and 5 union of sperm and egg nuclei, 6-10 the first 
two cleavage or segmentation divisions of the egg 

The first fight on the problem suggested by these facts came when the 
behaviour of the cell nucleus m the process of fertilization and ordinary cell 
division w^as studied In microscopic preparations nuclei of resting cells 
appear as vesicles contaimng a tangle of finely-spun threads At one side of 
the nucleus is a small area in the cell substance, the attraction sphere^ whose 
separation mto two parts heralds the inception of cell division (Fig 417) 
As the two attraction spheres separate they appear to draw out the surround- 
ing cytoplasm into a spindle of fine fibrils Meanwhile, changes have taken 
place in the nucleus itself The tangle of fine threads has resolved itself into 
a number of readily distmguishable filaments called chromosomes y each of 
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which IS already beginning to spht lengthwise into two halves They become 
progressively shorter, assuming the appearance of stout rods or blocks 
staining deeply with certain dyes such as logwood The chromosomes next 
arrange themselves on the equator of the spindle, and the halves of each 
chromosome separate, passmg to opposite ends of the spindle Then, while 
the division of the cytoplasm completes itself, they spin out agam into fine 
threads From these the nuclei of the daughter cells are built up 
Thus each of the chromosomes m the nucleus of any cell is structurally 




Fig 419 — Reduction Divisions in the Formation of Spermatozoa in the Testis 
OF A Species with Four Chromosomes in the Cells of the Dividing Egg 


equivalent to a correspondmg chromosome m that of the precedmg and 
succeedmg cell generations In every species of orgamsm the number of 
chromosomes which can be counted m dividmg nuclei is constant, and the 
elaborate method just described by which nuclei divide {mitosis) ensures 
the mamtenance of this constancy The important fact that the nuclei of 
any one species of animals are made up of a constant number of chromosomes 
when the cells divide was established durmg the seventies 
With this discovery a new problem arose Durmg femlixation, as we have 
seen (Fig 418), the nucleus of the sperm umted with that of the egg to form 
a single nucleus of compound origm Why does this not result in a doublmg 
of the number of chromosomes m the nucleus m each generation? What 
ensures that each generation has the same chromosome number as the last? 
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These questions can now be answered The formation of npc sperms or eggs 
IS the final stage of a long process of repeated cell-division withm the testes 
or ovaries All of these divisions except one take place m the manner already 
described The last division but one before the formation of the actual ripe 
gametes is pecuhar (Figs 419, 420) Just before this division, the chromo- 
somes come to he side by side m pairs — a process known as synapsis — and 
during the subsequent division, when the stage correspondmg to 4 of 
Fig 417 is reached, it is these pairs which he on the spmdle Instead of the 
chromosomes sphttmg m halves, as is normally the case, the pairs now part 
company, and one member of each pair goes into each of the daughter cells 
Each of the resulting cells, and therefore (as the next division is perfectly 
normal) each of the gametes, has exactly half the number of chromosomes 
characteristic of the species At fertihzaDon the normal number is therefore 
restored 

So every ordmary cell of an mdividual orgamsm has a chromosome set 



Fig 420 — Reduction in the Female 
The antecedent stages correspond with stages m Fig 419 


of which half the members are paternal m origin and half maternal In both 
sexes the reduction dtvisiony as this exceptional division of the nucleus is 
termed, occurs in the same way In the male it is followed by division of the 
rest of the cell, and each daughter cell divides again in the normal manner, 
so that four sperms, each with half the typical chromosome number, result 
(Fig 419) In the female, although the nucleus divides twice, just as it does 
m the male, the rest of the cell does not divide Only one of the four result- 
mg nuclei is retained withm the egg-cell, the other three are extruded and 
degenerate, constituting the so-called polar-bodies (Fig 420) 

In many animals and plants it is possible to distinguish, among the chromo- 
somes, pairs of different si/es and shapes — this is the case, for instance, in 
the frmt-fly Drosophila — and it is possible to sec that each gamete receives 
one representative of each of the four pairs of chromosomes present in ordi- 
nary cells (Fig 421). Thus the nucleus of the fertihzed egg divides so that 
the daughter nuclei of the first cleavage receives two representatives of each 
pair of chromosomes Cell divisions follow m rapid succession durmg the 
up-buildmg of the embryo Thus each cell of an individual fhutnfly contams 
four pairs of chromosomes, one member of each pair denved from the father 
and the other from the mother As the result of reduction each gamete 
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receives one component of each pair, that is to say, with respect to each pair 
of chromosomes the formation of the gametes involves the segregation of its 
paternal and maternal components We shall find later that this is of the 
utmost help m understanding how to produce new varieties and breeds by 
hybridization 

In the fruit-fly there is another feature which calls for further comment 
This IS the existence, as m many animals, of one unequally mated pair of 
chromosomes, the XY pair When this occurs, it occurs m one sex only, in 
the alternative sex there is a correspond mg equal pair (XX) In birds and 
Lepidoptera (butterflies and moths), the female is the XY, the male the XX 



Fig 421 — The Fruit-fly, Drosophila melanogaster^ aisid its Chromosomes 

individual With sufficiently careful measurement ±e male is usually found 
in other animals to have an unequal (XY) pair which is equally mated m the 
female (XX) 

This was first noticed, because some animals were found to have an odd 
number of chromosomes m one sex This seemed to conflict with the 
numerical constancy of the chromosomes In the early years of the present 
century the American zoologists provided the key to an under standmg of 
the discrepancy In all such cases the other sex has one more chromosome. 
The male of Periplaneta americamy the large cockroach which haunts our 
bake-houses, has 33, the female 34 chromosomes The eggs all have 17 
chromosomes, one half of the sperm have 17 the other half 16 chromosomes 
If a sperm of the former class fertilizes an egg, the mdividual produced will 
be a female (17 + 17 = 34), and if a sperm of the second type fertilizes an 
egg, the individual produced wiU be a male (17 + 16 = 33) 

Similarly with the XY chromosomes The male of the human species 
has 23 equal pairs and 1 unequal pair (XY) of chromosomes m the unreduced 
nuclei. Thus two types of sperm are produced, X-beanng and Y-bcarmg 
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respectively, the one female producing, the other male producing The 
modern theory of sex determination fits in well with man> biological facts, 
and IS confirmed by two independent hnes of evidence, one of which will be 
discussed at length later The other may be mentioned here In species 
havmg an XY pair in the male, measurement of the sperm heads shows that 
the sperms are of two different sizes This suggests that it may be possible 
eventually to separate seminal fluid mto poraons contammg predominantly 
one or other type of sperm, the X-bearmg or Y-bearmg If this could be 
done the control of the sex ratio would be experimentally realizable Recent 
experiments m Moscow record success with the semmal fluid of rabbits 
Some of the new discoveries which have come from the study of fertiliza- 
tion, sex, and alhed problems open up radical and far-reachmg possibilities 
m biotechnology, though as yet they have had no pracucal applicauons The 
rabbit’s egg can now be made to develop without sperm as far as the hollow 
ball stage It can be grown by tissue culture methods outside the body 
of the mother till the heart begins to grow From what we know of other 
ammals it is probable that mammals produced by parthenogenesis 
would always be females If the techmque were perfected, the hallowed 
associations of this method of propagation might encourage the fashion 
of contmmng the human race by virgm birth Perhaps humanity may 
eventually decide that maleness is an unnecessary compheauon of agriculture, 
an obstacle to the control of population growth and a menace to the moral 
well-bemg of one-half of the human race 


ATPLICATIONS OF THE NEW KNOWLEDGE 

The discoveries which resulted from the use of the microscope made 
possible the production of new horucultural and agricultural varieties by 
plant hybridization From the practice of plant hybridization the need for 
theoretical guidance eventually brought forth the important generalizations 
of modern biology This wiU be explamed in Chapter XXI, where the 
importance of the purely descriptive phenomena of nuclear behaviour dealt 
with m the last few pages will be explained Two technical applications of 
the new knowledge of fertihzation established in the eighteenth century 
have only been made during the past few decades These are {a) the use of 
pollinators for large-scale production of ‘^self-sterile” varieties of fruits, and 
(^) artificial msemmation 

(a) Self-Sterile Varieties — Many of the best modern varieties of fruit 
trees have arisen as sports or as hybrids, preserved by grafung on to wild 
stock Every single separate tree of some varieties which exist m fruit 
plantations is descended from the same ovule and poUen gram As far as 
sexual reproduction is concerned the entire stock is one mdividual This 
has given nse to an interesting problem which has been successfully solved 
by applymg the knowledge of a discovery which was made by the first in- 
vestigators who studied poUmation It was early recognized that among 
species of which the flowers are normally cross-poUmated by msects, dustmg 
pollen from the anthers of a flower on to the stigmas of any flower of the same 
mdividual plant often produces a poor yield of offspring, and sometimes pro- 
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duces no seed at all When no seed is produced the fruit fails to ripen properly. 
Many of our fruit trees are ‘‘self-sterile” m this sense, and since they have 
been spread by grafting, this means that the self-sterility mcludes every tree 
of a particular variety Thus the choice cherry called “Bigarreau Napoleon” 
will not form fruit if pollinated by pollen from flowers of any tree of the same 
variety or that of several other vaneues (e g Emperor Francis) On the other 
hand, it forms fruit if the stigmas are dusted with pollen of varieties which 
may be self-sterile themselves, and aie said to be “pollmators” for it (e g 
BeUe d’Orleans) Among the best modern varieties of fruit trees those winch 
are self-fertile are a minonty Hence many failures occurred in the first 
experiments when large-scale fruit production began to replace small mixed 
orchards Experiment, guided by correct knowledge of the role and agencies 
of pollmauon, quickly succeeded m elucidaung the facts stated above, and m 
suggestmg the necessary precautions to ensure success All that need be done 
IS (a) to plant a few trees of the varieties which act as “pollmators” m the 
vicinity of the self-sterile variety which is the mam crop, (h) to encourage 
the msects which carry the pollen from the pollmator to the latter Smee 
most of them are bee pollinated, the simultaneous practice of apiculture is a 
profitable way of domg this 

Q)) Artificial Insemination — When the controversy between the “sperma- 
tists” and the “ovists” was still gomg on, Spallanzam, a contemporary of 
Lavoisier with a remarkably versatile record of first-rate work, undertook 
experiments m which he filtered off the spermatozoa from ±e semmal fluid 
and tested the influence of the several portions on the eggs of frogs By 
mtroduemg semmal fluid from a dog mto her vagina, he made a bitch 
pregnant without sexual intercourse Since then the use of artificial msemma- 
tion, 1 e mtroduction of spermatozoa mto the female generative passages 
or mto suspensions of eggs, has been frequently used m various classes of 
biological enquiries as a substitute for normal sexual mtercourse 

Durmg the past two decades the Government of the USSR has given 
lavish support to biotechmcal research It has encouraged investigations 
which have proved the possibihty of keepmg the semmal fluid of domesti- 
cated ammals m a fertile condition for some days Hence small phials 
of semmal fluid from the best pedigree oxen, horses, etc , can be distributed 
by air mail over a wide territory for the fertihzauon of females The prac- 
tice of breeding by artificial msemmation with semen of exceptionally 
high quality sires is widely used in the USSR, has been taken up m the 
United States, and is begmnmg to be used in Britain, where small-scale 
private enterprise remains a stumbling-block to extensive biotechmcal pro- 
gress The USSR is also appl5nng the method of artificial insemmaLion 
to selection of the bee This animal has been used by man for miUenma 
without any attempt to improve the stram by active interference of a kmd 
which has met with extraordmary empirical success m his dealmgs with 
other domesticated species There is httle doubt that artificial msemmation 
will make possible improvement m the quality of stock with unexampled 
rapidity. We may also anticipate that the advance will be conspicuous where 
society IS orgamzed as m the Soviet Union to take advantage of new bio- 
techmcal inventions 
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THE MICROBE HUNTERS 

The immediate effect of the introduction of the first compound microscopes 
was to encourage closer scrutiny mto the processes of reproduction The doctrine 
of spontaneous generation, as applied to plants and animals of visible dimen- 
sions, succumbed m the ensuing century Besides shedding new hght on the 
material basis of reproducuon, the mmute structure of the animal and plant 
body, the microscope also revealed a world of orgamsms whose existence 
had been hitherto unsuspected Some of them — like the smaller water “fleas” 
(Fig 422) or minute Crustacea in ponds and the surface of sea water — were 
only immature examples of a type of bodily orgamzation already well known 
Others were new types with a complex bodily orgamzation, havmg familiar 
charactenstics, though exhibiting an entirely new general plan Such, for 
instance, were the wheel ammalcules or Roiifera of pond water (p 032) In 
addition to these there was a class of orgamsms totally unlike any previously 
known Creatures belongmg to this last category, now collectively described as 
Protista^ in contradistinction to ammals and plants as the words are usually 
employed, were found to appear in great numbers in broths, infusions of 
orgamc matter, like pepper and spices, or in water m which hay has been left 
to soak, especially if contaminated with pond water Others were found to 
multiply m ram water left m tubs They had no structures remimscent of the 
sexual organs of known ammals and plants They mulophed prodigiously m 
suitable media, and being so mmute they appeared to come from nowhere 

The ideology of primitive samtation (see p 816) made its last stand con- 
cemmg the generation of the Protista Its overthrow is associated especially 
with the work of two men, the variety of whose contributions to science is a 
noteworthy and instructive commentary on the soaal background of science 
One was Spallanzani The other was Pasteur Both worked m France 
Separated by three-quarters of a century, their respective failure and 
success is an eloquent tribute to the debt which the most gifted contributors 
owe to their soaal environment 

Protista^ as we should define these creatures m the light of the knowledge 
which the compound microscope confers, are organisms of which the bodies are 
not divided up into cells There is not a very sharp hne of division between the 
Protista and the simpler sponges which are httle more than colomes of similar 
umts eqmpped with vibratile ciUa and embedded m a jelly, or between the 
Protista and the simpler plant algae like Spirogyra (Fig 405) and the simpler 
fungi called moulds (Fig 406) The simplest animals and plants may m fact 
be looked on as colomes or compames of which each cell is comparable 
to a free living protist On this account the Protista are usually spoken of as 
“umcellular” or single-celled orgamsms Smee the simplest filamentous plants 
have no separate organs to distmguish them they are chiefly classified by 
the way they reproduce. Partly for this reason and partly because some 
filamentous orgamsms disintegrate mto separate cells in smtable culture media, 
many micro-organisms will be found classified as fungi or algse m one con- 
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text and as Protista in another Thus the yeast organism, which is unicellular 
— or non-cellular to use the more precise term — is often classified as a fungus 
belonging to the same group as the mildew which produces “ergot’’ of wheat 
Some of the largest Protista are called Infusoria and can just be seen with the 
naked eye The smallest visible with the best imaoscopes are called bacteria 
It IS difficult to convey their very small dimensions by a single illustration, 




Fig 422 — Four Common Types of Larger Protista 

(A) A green form, called Chlamydomonas, which progresses by the aid of two long 
ciha called flagella four stages in the conjugation of similar gametes 

(B) Paramecium Food parucles m clear droplets are seen travelling round the body 
from the “gullet’* to the place where faeces are discharged at a temporary opening 
in the surface The “contracule vacuoles” get rid of surplus water which has 
entered the organism by osmosis 

(C) Amoeba, which progresses by a flowing motion in which temporary lobes of the 
body are pushed out This specimen is m the act of enclosing another Protist to 
form a food vacuole in which digesuon will take place 

(D) Yeast Successive stages of budding are seen, leading to the fonnauoa of chains 
of cells 


because they vary enormously m size A typical microbe is so small that it 
would require about twenty-five bilhon (25 milhon milhon) to balance an 
ounce weight Examples of both large and small Protista were seen by Leeuwen- 
hoek, who observed that they spht m halves like cells of a developing embryo 
Some Protista secrete sihceous or calcareous shells which are superficially like 
snail shells The chalk is largely made up of the mmute shells of protists called 
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Foramtmfera (Fig 423) The commonest method of reproduction is the 
vegetative meiod of sphttmg or budding (Fig 422^ d) Sphttmg mto equal 
halves is characterisuc of tht Infusoria and the simpler organisms like the 
formless Amoeba (Fig 422, c) which are not covered with ciha like ±e Infusoria 
A typical Infusorian of pond life is Paramecium (Fig 422, b) This small 
organism can usually be found in mud If samples of mud from several 
ponds are added to a httle pond water m which a few bread-crumbs have been 
allowed to soak, Paramecium multiphes rapidly After standmg for about a 
day or two the mud at the bottom, when exanuned under the microscope, is 
found to contam httle rapidly movmg creatures Each has the shape of a cigar 
If you can observe one when it is not movmg too quickly you will see that its 



Fig 423 — Shells of Radiolaria and Foraminifera 

Some Protista which live freely in water surround themselves by siliceous (the Radio- 
laria) or calcareous (the Foraniimtera) shells of microscopic dimensions, or just large 
enough to be visible to the eye The Chalk has mainly been formed by deposits of 
Foraminifera, whose dead shells accumulated on tlie sea bottom 

movements are due to fine flickering outgrowths called aha (because of their re- 
semblance to eyelashes — the Latin word) Ciha cover the whole body Somewhat 
similar orgamsms {ppalma^Balantidium^ etc ) can always be found livmg parasi- 
tically in the muddy contents m the hmdermost portion of the bowel of the 
frog When such orgamsms as these have gone on feedmg for a certain time, they 
become constricted about the middle, and gradually divide mto two, just as 
a drop of flmd will divide mto separate drops when it has reached a certain 
size fcch half becomes a new individual and swims off on its own Thus every 
Paramecium arises from another Paramecium Like begets like is a rule that 
apphes to Paramecium, as well as to ourselves 
The yeast orgamsm {Saccharomyces) is a small spherical cell with a thick 
outer coat hke the cells of a fungus or any other plant (Fig 422, d) It reproduces 
vegetatively by formmg buds, which become detached and grow to their full 
stature subsequently In addition it forms resistant spores, by division of the 



The Microbe Hunters 


865 

body substance within the cell wall into four cells which are each invested 
with a thicker wall capable of withstanding drought and germinating m a moist 
situation This power of formmg spores which many ProUstajmcluding bacteria, 
possess accounts for their queer way of tummg up when orgamc matenal such 
as broths — or Leeuwenhoek’s pepper suspensions — are left freely exposed to 
air m which the spores are blown about Needless to say this could not be 
reahzed nil their reproductive processes were thoroughly understood, and the 
reproductive processes of the smaller prousts can only be seen with very good 
microscopes 

Before the researches of the pioneer microscopists of the seventeenth 
century Protista had not been known to exist While it would be true to 
say that Leeuwenhoek discovered reproduction in the larger Infusoria in 
the sense that he observed and recorded it, it is quite clear that he did not 
understand that what he was observmg was the way in which these creatures 
multiply This conclusion seems to have been first reached in the middle 
of the eighteenth century by a French botamst de Saussure to whom John 
Elhs, author of the first clear and comprehensive account of the Particular 
Manner of Increase in the Animalcula of Vegetable Infusions^ acknowledges 
his indebtedness in 1759 There had been much controversy concermng 
the nature of Protista In the first half of the eighteenth century it was 
not yet recognized that they were hving creatures, and the issue was only 
settled when Spallanzam, who taught at Pavia in Italy, carried out an im- 
portant series of experiments in which he showed that the “orgamsms of 
vegetable infusions” are killed by exposure to drought, that they pensh hke 
tadpoles, frogs and salamanders at a heat of about 33°-35®C , that they are 
destroyed by vapours and flmds which poison msects, that some of them — 
like Paramecium — can take m sohd food and digest, and that, — as Spallanzam’s 
biographer and physician Tourdes puts it, — “the electnc spark is a thunder 
clap to the animalcules of infusion not one of them survives the explosion ” 

About this time Needham, a Jesuit priest with a predilecuon for Aristotehan 
finahties, had sought to put the doctrme of spontaneous generaaon on a firm 
basis by showmg that micro-orgamsms appear in vegetable infusions and broths 
which have been boiled to kiUorgamsms and stoppered afterwards to prevent the 
entry of fresh ones The heat used was msuffiaent No microscopic check 
was made to see if the orgamsms had been killed, and porous corks were used 
as stoppers From one bad experiment Buffon, the French naturahst, built up 
a mountam of metaphysics which dominated scientific teachmg for a century 
Spallanzam, who was acquamted with de Saussure’s observations, entered mto 
a controversy with Needham, and undenook a re-exammation of the issue 
In his own words 

I repeated that experiment I used hermeucally sealed vases I kept them 
an hour in boilmg water, and after havmg opened them and examined their 
contents withm a reasonable time, I found not the slightest trace of ammalculae, 
though I had examined with the microscope the infusions from nmeteen vases 

Although Voltaire wrote of the “ridiculous mistake, the unfortunate experi- 
ments of Needham, so triumphantly refuted by M Spallanzam ” and 
declared that “it is now demonstrated to sight and to reason that there is no 
vegetable, no animal but has its own germ,” Buffon’s doctrme was generally 

2E 
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accepted for the next hundred years There were, he taught, certain primitive 
and mcompatible parts common to ammals and to vegetables These particles 
cast themselves mto moulds or shapes characteristic of difierent bemgs When 
destroyed by death, the orgamc molecules become free, over-activc, reumting 
to form a multitude of new organized bodies The imtial premises rested 
on unsound experimental foundations Thereafter the argument proceeded 
according to rules of evidence which are still acceptable to economists and 
to the legal profession 

The neglect of Spallanzam’s work can hardly be attributed to the lack of 
esteem m which his scientific work was held He was perhaps the most truly 
ongmal experimental biologist of his age He held successively two important 
chairs at Reggio and Pavia, travelled and corresponded far afield, receivmg 
many tokens of esteem and recogmtion throughout Europe Bom m 1729, he 
had the good fortime to study at Bologna where the professor of natural philo- 
sophy was his cousm Laura Bassa This gifted and remarkable woman was one 
of the most singular personalities of the eighteenth century In Bologna^ its 
History y Antiquities and Art by Coulson James, we are told that she occupied 
a university chair, worked at hydrauhes and mechamcs,and had twelve children 
to whom she was devoted When she died at the age of 67, after attendmg a 
meeting of the Academia Benedittma on the previous evenmg, she was buried 
with great honour in her doctoral robes Her young cousm and pupil was 
promoted to a chair at an early age, and m the space of forty years, from 
1760 till his death m 1798, he announced a succession of discoveries equally 
astomshmg for their diversity and novelty 

In relation to the immediate growth of biological knowledge he is note- 
worthy as one of the first workers to carry out systematic experiments on 
the role of the digestive juices Under the impact of Lavoisier’s work he 
undertook a wide survey of the respiratory organs of the lower animals, 
and so estabhshed the fact that the intake of oxygen and excretion of carbon 
dioxide are well nigh universal characteristics of complex ammals, though 
the machmery by which the aeration of the blood is effeaed is diverse 
Spallanzam performed the first experiments on the tactile sensations of 
bats which can thread their way through a network of strings when bhnded 
He executed the first experiments on artificial msenunation Besides experi- 
menung with the eggs of frogs, toads and silkworms, he mjected mto the 
vagina of a bitch, says Tourdes, “mneteen grams of semen taken from a 
dog of the same breed” and “had, after the ordinary time of gestation, the 
satisfaction of seeing her bring forth several whelps, likewise of the same 
breed ” He made the daringly mechamstic discovery that, if lummous jelly 
fish are desiccated and ground to a powder, the latter will emit hght when 
moistened In his experiments on the regeneration of the head in decapitated 
snails, he also anuapated modern experimental techmque by showing that 
reproduction by cuttings is not confined to plants 

With the exception of the first two, it may be doubted whether any of his 
briUiant contribuuons — many of them so far ahead of the time — exercised 
any direct effect on the subsequent course of science When the issue of spon- 
taneous generation was raised by Pasteur m a different social context its solution 
was demanded by pracucal necessity, and further progress was ensured by the 
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fact that It immediately became the focus of a host of biotechnical and medical 
applications m the manxifaaure of wme, beer and aairy produce, m the control of 
animal and plant diseases, m the condua of surgical operations, the orgamza- 
tjon of hospitals, m vetermary mspcaion, sewage and mterment control, 
notification of contagious and infectious diseases, immunization and germ-free 
mdh It had ceased to be an tdeoloqical squabble between the advocates of 
the Anstotehan tradition and the rising school of French matenahsts 

New mstruments to allay any uncertamty were available to mvestigators 
Though the larger bacteria had been seen, no satisfactory comparative survey 
of the Protista could be undertaken before achromatic lenses came mto use A 
classification of the bacteria appeared in 1 838 In the fifties growing scientific 
interest in agriculture had directed attention to the reproductive processes of 
the cryptogams (algae and fungi) * Liebig’s work on the chemistry of living 
matter (Chapter XIX) had paved the way for analytical measurements of fer- 
mentation Such was the soaal hentage from which Pasteur’s contnbuuons 
drew their materials 

Another significant fact in the social background of Pasteur’s work is that 
the Crimean war, from which the modern profession of mihtary nursmg dates, 
had focused attention on the problems of sepsis and of food preservation It 
was m fact the first great war in which modem methods of food preservation 
were used Bremner {Industries of Scotland^ 1849) tells us. 

When Lord Anson reached Juan Fernandes with the Centurion, the 
Gloucester, and the Tryal, his united crews of 961 men had been reduced by 
that terrible disease to 626, of whom only a small number were fit for duty , 
and during last century a Spamsh ship was picked up at sea with all her crew 
dead from scurvy Cases of this kind might be muluplied to show the loss 
of human life entailed by want of means for preserving provisions in a fresh 
state To such a height did scurvy attain in the navies and merchant 

shipping of Britain, France, and other countries, that the attention of the 
Governments was seriously roused to the importance of domg something to 
remedy the terrible evil The French Government took the initiative by 
offering, in the year 1809, a premium for the invention of a process for pre- 
serving meat, so that it would remain fresh for any length of time, and m any 
climate In the following year, M Appert came forw’ard to claim the prize, 
and, after due investigation, he received for the invention of a mode of 
preserving both aminal and vegetable matter by subjecting them to a certain 
degree of heat and then seaJmg them m air-tight vessels The principle of 
Appert’s system of preserving was known and practised m this country for 
years before he was made famous as the supposed discoverer of it, but those 
who were acquainted with the process did not realize its importance, or dream 
of the application which he made of it M Appert claimed to have dis- 

covered — ‘‘First, that fire has the peculiar property not only of changing the 
combinaDon of the consutuent parts of vegetable and animal productions, but 

* Knight begins an address to the Horticultural Society in 1813 with the words 
‘ ‘The little pamphlet upon the rust or mildew of wheat for which the public are indebted 
to the patriotic CKertions of tlie venerable President of the Royal Society affords much 
evidence in proof that this disease originates in a minute species of parasitical fungus 
which IS propagated like other plants by seeds” (1 e spores as we should now say) He 
then refers to a paper of the same year controvertmg the prevailmg view that rot fungus 
is produced by “the remaining powers of hfc in the sap of the unseasoned wood ” 
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also of retarding, for many years at least, if not of destroymg altogether, the 
natural tendency of those same products of decomposition, secondly, that the 
application of fire in a manner variously adapted to various substances, after 
having with the utmost care, and as completely as possible, deprived them 
of all contact with the air, effects a perfect preservation of those same pro- 
ductions with all their natural qualities ” The operations by which fire is made 
available as a preservmg agent are stated to be — first, enclosmg in bottles the 
substance to be preserved, secondly, corkmg the bottles with the utmost care, 
thirdly, submitting the enclosed substances for a greater or less length of time 
to the action of boilmg water m a water-bath, and fourthly, withdrawing the 
bottles from the water-bath at the period prescribed . . In 1811 an Enghsh 

patent was taken out for Appert’s process of preservaaon The patent was 
purchased for £1,000 by Messrs Donkm, Hall and Gamble, who, m 1812, 
erected an extensive preservatory at Bermondsey It is stated that, after a 
senes of experiments made by tlie patentees for the purpose of testing the 
accuracy of the process, and ascertainmg how far it might be made applicable 
in a general way for victuallmg the maritime service occasionally with fresh 
meat, they found that the system of preservation, so far as it had then been 
developed, was too defective and uncertam in its results to be made the vehicle 
of any safe or profitable commercial enterprise They then made some experi- 
ments with vessels of tm, and these were so successful that the art of preservmg 
food was reduced to a certainty No sooner was the possibility of preservmg 
provisions demonstrated by this firm, than the ships of the navy and of the 
East India Company were supplied with some of the prepared food, and soon 
a happy change became apparent m the health of those on board Emigrant 
ships were subsequently ordered to carry certam proportions of preserved 
meats, and now no vessel sails on a voyage that is to extend beyond a few days 
without havmg such stores in the lockers The meat-preserving trade has 
assumed large dimensions, and the method adopted by Messrs Donkm, Hall 
and Gamble is that now followed (with certain modifications m the details of 
the process) m the great preservatories which supply the shippmg of all 
nations The meat-preservmg trade was introduced mto Scotland m 1822, 
when Messrs John Moir and Son began busmess m Aberdeen During 
the Crimean war they executed several large contracts for the British and 
French Governments 


OPTICAL ACTIVITY 

Although Pasteur’s name is associated with an impressive range of dis- 
coveries which have enriched the theory of “pure” chemistry and “pure” 
biology, it IS hardly too much to say that he never took up an enquiry which 
was not immediately related to dommant technological issues connected with 
the techmcal and medical problems of contemporary France In the greater 
part of his life-work the funds which made his work possible were specifically 
given by those who sought his practical assistance Pasteur’s earhest researches 
were direcdy related to the wme mdustry, which became an important factor m 
national prospenty under the regime of Napoleon III By the Gladstone agree- 
ment of 1860, the Enghsh undertook to drink French liquors in return for an 
agreement which, m effect, committed the French to wear Lancashire petti- 
coats His first important contnbution was a study of the crystal form of 
tartanc aad which is an important by-produa of the wme mdustry He created 
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a new branch of chemistry by showmg how the pictorial formula of an organic 
compound is related to its crystallme shape, and how both are related to the 
effect which crystals exercise on polarized hght (p 333) 

In Chapter X no reference was made to one of the most fruitful results 
of the molecular models based on applymg the prmciple of valency to the 
behaviour of radicles m the carbon compounds This directly arose from 
Pasteur’s work on tartaric acid In the course of it he discovered the pheno- 
menon of optical activity m orgamc compounds In Chapter VI the pecuhar 
behaviour of hght when it has passed through certain mmeral crystals such as 
fluorspar or tourmahne was described to illustrate the usefulness of the wave 
metaphor A beam of hght which has passed through a crystal of tourmahne 
will not pass through a second crystal if its axis is at right angles to that of 
the first If we look through the second as we rotate it through 180'’ from the 
position in which the two crystal axes are parallel, the hght becomes dimmer, 
disappears, and finally regains maximum brightness 

When a solution of some orgamc compounds is placed between the two 
crystals, the ‘‘plane of polarization” is shifted That is to say, we have to 
twist the second crystal a httle farther or not quite so far as 180*’ to get 
maximum brightness agam Such compounds are said to be optically active 
Pasteur found that crystals of tartaric acid salts are not exactly alike One 
type of crystal is the mirror image of another The positions of their faces 
are reversed from left to right This inversion is associated with the fact 
that they show opposite types of optical activity If a solution of one is 
placed between two tourmahne crystals with parallel axes, one of the latter 
must be rotated to the right to get maximum brightness When the other 
solution is substituted it must be twisted to the left to get maximum 
bnghmess Many common orgamc compounds, such as cane-sugar, have 
this characteristic Since the angle of twist depends on the strength of the 
solution, the polarimeter^ an instrument which is simply an arrangemrnt 
for rotatmg one of two polarizing crystals, can be used for quanatative analysis 
of their solutions 

Many substances which do not differ with respect to any very obvious 
chemical properties, twist the plane of polarization in opposite directions 
Various drugs obtained from plants and drug-like substances (hormones) 
produced in the animal body are optically active The natural form nearly 
always twists the plane of polarization leftwards Their syn±etic twins of 
the modern drug house nearly always twist it to the right The left-handed 
or natural twm is nearly always much more effective m its action on the 
body as a poison or as a stimulant * Several recent detective novels, such 
as The Documents in the Case by Dorothy Sayers and Robert Eustace, have 
exploited this theme 

Pasteur himself did not provide the clue which is contamed in the picture 
formula Substances with the same constitution and similar chemical proper- 
ties exist in different optically active forms when, and only when, they 
contam at least one carbon atom attached to four different radicles Thus ±e 

* The existence of the Deity can no longer be deduced from this circumstance 
alone Some natural right-handed twms exist and some left-handed twms have been 
synthesized successfully 
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picture formula for lactic (p 661) acid conveys the information that it must 
have optically aaive forms, when it is set out m the followmg way 

CH 3 OH 

/ \ 

H COOH 


THE NATURE OF FERMENTATION 

In these early researches Pasteur toured the wine manufacturing centres of 
Europe for matenal His motto m research put mto other words what Karl 
Marx called the umty of theory and practice “Without theory, practice is 
but routine born of habit” were the words he used when he was appomted to 
a chair m the Umversity of Lille — “overjoyed,” says his biographer, “at bemg 
able to do useful work in that coimtry of the distillenes ” Of his public audiences, 
he asked, “where will you find a young man whose curiosity and mterest will 
not immediately be wakened when you put mto his hands a potato, when with 
that potato he may produce sugar, with that sugar alcohol, with that alcohol 
ether and vmegar ” 

1 he reports of the Academy of Sciences for 1861 mclude a short memoir 
by Pasteur on the yeast of b^r In it Pasteur recorded experiments which 
show 

1 Yeast orgamsms placed m some sweet liquid m contact with abundant 
air assimilate oxygen, multiply rapidly and produce an msigmficant quantity 
of alcohol The weight of sugar used up as compared wi± the weight of the 
orgamsm — which can be easily detenruned by separating the latter with a 
centifruge — is very small 

2 Yeast orgamsms placed m a sugar solution without air produce alcohol 
at the expense of the sugar m large quantities 

“Acting out of reach of atmospheric oxygen,” concluded Pasteur, the yeast 
“takes oxygen from the sugar, that being iht ongm of its fermentative 
character ” Subsequent studies shewed ±at various moulds Like Mucor and 
Pemcilhum which grow on bread, jam, cheese, etc , have the same power of 
switching over from ordmary "'cerobic"^ respiration to '"aruerobic^* or intra- 
molecular extraction of oxygen when deprived of an, and then power to 
effea the decomposition of the materials on which they grow specially depends 
on this 

A new understandmg of putrefaction was now mescapable Fermentation 
is the name customanly given to decomposition of orgamc matter by micro- 
organisms like the yeast orgamsm or the cheese baaena when the end products 
are smtable to human consumption So soon as Pasteur was able to shew that 
vmegar is produced in wme and that butyric acid is produced m rancid butter 
by the activity of a hvmg orgamsm, the next step was self-evident Putrefaction 
IS merely the name we have been accustomed to give to anaerobic respiration of 
micro-organisms when we do not use the end products The extension of the 
new doctrine to sepsis and thence to infection seems equally mevitable in 
retrospect, and the persistence with which Pasteur contmued to explore it in the 
face of violent personal attacks from the French medical profession, illustrates 
the important truth that great advances m science are less due to great mtellec- 
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tual subtlety than to steadfastness of aim and a robust partiality for unsavoury 
particulars 

If mildews and moulds could produce poison m the decomposition products 
from dead orgamc matter, might not the harm which resulted from the presence 
of mildews like the rusts or smuts of wheat or the vanous fungus pests of the 
orchard — mentioned m the Royal Soaety’s Heads of Enquines m 1665 — be 
due to their power to liberate smular poisons m the plant body? If so, may not 
the poisonmg which is accompamed by pus formation at cut surfaces of the 
ammaJ body be due to the fermentative activity of the hosts of micro- 
orgamsms which are found in the pus itself ? May not the apparently spon- 
taneous character of infection and contagion be due to the fact that the parasites 
unlike mildews are mvisible to the eye ? 

The clearest answer to all these questions hes m the new body of social 
practice which has ansen from and constitutes the testmg-out of the theory If 
putrefaction is a fermentative acDvity of micro-organisms, it is not a necessary 
accompaniment of death All that is necessary, if we want to prevent it, is to 
stop the growth of the micro-orgamsms The modem mdustry of mined and 
canned foods is a practical demonstration that this is so Likewise, if suppura- 
uon of wounds is due to local putrefacuon, the way to prevent it is to kill all 
micro-organisms m the vicinity of the cut surface or exclude them from it 
The record of surgical mortahty vindicates the truth of the mference The 
vanous steps m the subsequent history of the problem of infecnous and con- 
tagious diseases were successively and successfully put to the test of soaal 
practice m this way 

THE FINAL OVERTHROW OF THE ARISTOTELIAN DOCTRINE 

A necessary prelude to further advance was to clear the site for the new 
foundations The spontaneous generation of the smaller micro-organisms was 
still accepted by all the leaders of saence m spite of Spallanzam’s work The 
neglect of the latter is readily comprehensible, if we recall the fact that it 
had produced no impress on the social practice of his generation Aided by 
greatly improved microscopes which Spallanzam’s generauon did not possess, 
Pasteur now began enquines mto where the micto-OTganisms of putrefaction 
and disease come from and bow tbeit mulupbcauon is accompbsbed Valety- 
Radot describes this phase of his work m the followmg passage * 

Pasteur began by the microscopic study of atmospheric air “If germs exist 
in atmosphere,” he said, “could they not be arrested on their way?” It then 
occurred to turn to draw — through an aspirator — a current of outside air 
through a tube containing a little plug of cotton wool The current as it passed 
deposited on this sort of filter some of the solid corpuscles contamed m the air, 
the cotton wool often became black with those various kinds of dust Pasteur 
assured himself that amongst various detritus those dusts presented spores and 
germs “There are therefore in the air some organized corpuscles Are they 
germs capable of vegetable productions, or of infusions? That is the quesuon 
to solve ” He undertook a senes of experiments to demonstrate that the most 
putrescible liquid remained pure mdeiinitely if placed out of the reach of 
atmospheric dusts But it was sufficient to place m a pure liquid a particle of 
the corton-wool filter to obtain an immediate alteration 
* The Lrfe of Pasteur (Constable 8c Co) 
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Pasteur’s results were hotly contested by his contemporaries, notably 
Pouchet who invoked authority, which Browne called the “mortallest enemy 
unto knowledge and that which has done the greatest execution upon truth ” 
The doctrine of spontaneous generation had been adopted of old by men 
of genius, said Pouchet, and, besides, how could germs contained in the air 
be numerous enough to develop in every organic infusion^ Such a crowd 
would surely produce a thick mist, dense as a metal Pasteur set himself to 
explore this ob)ection Radot’s account continues 

Pasteur let them laugh whilst he was preparing a series of flasks reserved 
for divers experiments If spontaneous generation existed, it should invariably 
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Fig 424 — One of Pasteur’s Experiments 


occur in vessels filled with the same alterable liquid “Yet it is ever possible,” 
affirmed Pasteur, “to take up m certain places a notable though limited volume 
of ordmary air, having been submitted to no physical or chemical change, and 
still absolutely incapable of producing any alteration m an eminently putres- 
cible liquor ” He was ready to prove that nothmg was easier than to increase 
or to reduce the number either of the vessels where productions should appear 
or of the vessels where those productions should be lacking After introducing 
into a senes of flasks of a capacity of 250 cubic centimetres a very easily cor- 
rupted liquid, such as yeast water, he submitted each flask to ebullition The neck 
of those vessels was ended off in a vertical pomt. Whilst the liquid was still 
boiling, he closed, with an enameller’s lamp, the pointed opening through 
which the steam had rushed out, taking with it all the air contained m the 
vessel Those flasks were indeed calculated to satisfy both partisans or adver- 
saries of spontaneous generation If the extremity of the neck of one of these 
vessels was suddenly broken, all the ambient air rushed mto the flask, bringing 
in all the suspended dusts, the bulb was closed again at once with the assist- 
ance of a jet of flame Pasteur could then carry it away and place it in a tempera- 
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tuxc of 25-:^0^ C 3 quite suitable for the development of germs and mucors In 
those series of tests some flasks showed some alteration^ others remained pure, 
according to the place where the air had been admitted Durmg the beginnmg of 
the year 1860 Pasteur broke his bulb pomts and enclosed ordmary air m many 
different places, mcluding the cellars of the Observatory of Paris There, m that 
zone of an mvariable temperature, the absolutely calm air could not be com- 
pared to the air he gathered m the yard of the same building The results were 
also very different out of ten vessels opened m the cellar, closed agam and 
placed m the stove, only one showed any alteration, whilst eleven others, 
opened in the yard, all yielded orgamzed bodies When the long vacation 
approached, Pasteur, who mtended to go on a voyage of experiments, laid m 
a store of glass flasks Pasteur started for Arbois, taking with him seventy- 
three flasks, he opened twenty of them not very far from his father’s tannery, 
on the road to Dole, along an old road, now a path which leads to the mount ot 
the Berg^re The vme labourers who passed him wondered what this hohday 
tourist could be domg with all those little phials Of those twenty vessels, 
opened some distance away from any dwellmg, eight yielded orgamzed bodies 
Pasteur went on to Salms and climbed Mount Poupet, 860 metres above sea- 
level Out of twenty vessels opened, only five were altered Pasteur would have 
liked to charter a balloon m order to prove that the higher you go the fewer 
germs you find, and that certam zones absolutely pure contam none at all It 
was easier to go into the Alps He arrived at Chamomx on September 20, 
and engaged a gmde to m^e the ascent of the Montanvert , The next 
morning, twenty flasks, which have remained celebrated m the world of scien- 
tific mvestigators, were brought to the Mer de Glace Pasteur gathered the air 
with infinite precautions, he used to enjoy relatmg these details to those people 
who cal] everything easy After tracing with a steel pomt a Ime on the glass, 
careful lest dusts should become a cause of error, he began by heating the neck 
and fine pomt of the bulb m the flame of the httle spint-lamp Then raismg 
die vessel above his head, he broke the point with steel mppers, the long ends 
of which had also been heated in order to bum the dusts which might be on 
their surface and which would have been driven mto the vessel by the qu ck 
inrush of the air Of those twenty flasks, closed agam immediately, only one 
was altered 

Several decades elapsed before microscopic observation was able to 
demonstrate the life history of the smallest bacteria and to show how they 
propagate by simple division A year after the experiments just described 
Pasteur devoted his Dme to the study of putrescence He showed that butyric 
acid IS formed when butter becomes rancid through the activity of bacteria 
which need no oxygen and are m fact killed by excess of oxygen Thus a 
stream of fresh air suffices to protect agamst the mvasion of the microbe 
He proved that production of vmegar from wme is always associated with 
the presence of a micro-orgamsm and that wme can therefore be prevented 
from becoming sour by keepmg it for a short while at a temperature 
sufficient to kill the microbe Radot tells us that m 1864 

As he had more particularly endeavoured to remedy the cause of the acidity 
which often rums the Jura red or white wmes m the wood, the town of Arbois, 
proud of Its celebrated rosy and tawny wmes, placed an impromptu laboratory 
at his disposal durmg the holidays of 1864, the expenses were all to be covered 
by the town . , The problem consisted, in Pasteur’s view, m opposmg the 
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development of organized ferments or parasitic vegetations, causes of the 
diseases of wmes After some fruitless endeavours to destroy ail vitality in the 
germs of these parasites, he found that it was sufficient to keep the wine for a 
few moments at a temperature of 50“ C to 00“ C “I have also ascertained that 
wme was never altered by that preliminary operation, and as nothing prevents 
It afterwards from undergoing the gradual action of the oxygen in the air — 
the only cause, as 1 think, of its improvement with age — it is evident that this 
process offers every advantage ” 

MICRO-ORGANISMS OF DISEASE 

The results of these researches soon bore fruit in promoting the fortunes 
of the French wine industry Further researches on the diseases of wine were 
curtailed by an incident which eventually turned his attention to the diseases 
of human beings An epidemic was ruining the silkworm industry of France 
It had begun m 1845 Successive batches of eggs from different localities 
had proved to be infected till m 1864 healthy stock to replemsh the ravages 
of disease could only be imported from Japan The arro?idissement of Alais 
alone lost 120 milhon francs in fifteen years Pasteur was commissioned by 
the French Government to report and to undertake research on it Having 
accepted “full of ardour for the new question of silkworm disease as I was 
m 18G3 when I took up the wine problem,” he was lionized by the Empress 
Eugenie He succeeded in idenufymg a new micro-organism as the agent of 
the silkworm epidemic and prescribed a successful method of microscopical 
examination of the laying moth, so that no eggs from infected ones should be 
used for rearmg fresh caterpillars 

France and Germany were at war five years after the invitation to under- 
take this investigation was issued Pans was besieged Radot says 

Those who visited an ambulance ward during the war of 1870, especially 
those who were medical students, have preserved such a recollection of the 
sight that they do not, even now, care to speak about it It was perpetual agony 
The wounds of all the patients were suppurating, a horrible fetor pervaded the 
place and septicaemia was everywhere During the siege of Paris, in the 
Grand Hotel, which had been turned into an ambulance, Nelation, m despair 
at the sight of the death of almost every patient who had been operated on, 
declared that he who should conquer purulent mfection would deserve a 
golden statue 

The war of 1870 brought to a climax a situation which, judged by modem 
standards, seems almost incredible The surgeon of the first half of the 
nineteenth century came to the operating table m everyday attire customarily 
supplemented with a sort of overall coat which was stiff with the coagulated 
blood of his victims So long as it was necessary to engage the services of 
several strong men to hold the victim in a more or less mtoxicated condition 
following a hberal potauon of rum, there were practical impediments to the 
heroic exploits which followed the introduction of anaestheucs De Quincey’s 
classic reminds us that by the end of the eighteenth century knowledge of 
opiates which had been used from earhest antiqmty in the Mediterranean 
and Oriental avihzations had become widespread in Europe No doubt the 
“New Humamtv” helped to stimulate the search for more adequate means 
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of diminishing unnecessary suffering, while the new chemistry was placmg 
a new array of substances at the disposal of the medical profession Davy, 
who first ascertained the composition of mtrous oxide, himself recommended 
Its use as a dental anaesthetic after repeated expenments on his own 
person It was not used m his own country until American medicme had 
populanzed the use of anaesthetics 

The story of anaesthesia is thus told by Dr Fishbem in Frontiers of Modem 
Medicine 

Down m Jackson County, Georgia, many miles from a railroad, toward the 
end of 1841, Dr Crawford Williamson Long was practising medicme He 
was a graduate of the University of Pennsylvania m 1839 He had studied 
abroad and was recognized as a competent physician Occasionally young men 
and women meeting at parties would try the effects of inhalmg ether purely 
as a form of amusement Dr Crawford Wilhamson Long took part m such 
parties In the early months of 1842, there came to his office a yoimg man 
named James Venable who had suffered for some time with a tumor on the 
back of his neck and who was m great fright over any attempts to remove this 
tumor by surgery Doctor Long persuaded the boy to inhale some ether and 
removed the tumor so that the boy was without pain Later Doctor Long cut 
another growth from the neck of James Venable He then removed two fingers 
from the burned and mangled hand of a Negro boy, the first finger without 
ether, the second while the boy was unconscious from inhalmg the sleep-pro- 
ducing fumes In the meantime another investigator m Massachusetts 
was testing the effects of ether in stoppmg pain Dr William Thomas Green 
Morton, a dentist who was studymg medicme, had observed the attempts of 
another dentist, Dr Horace Wells, to use mtrous oxide gas to stop pam during 
an operation Those early attempts had failed A pubhc demonstration in the 
Massachusetts General Hospital had proved a fiasco, and no one had faith in 
the use of nitrous oxide Then Morton asked the famous physician, chemist 
and geologist. Dr Charles T Jackson, if he knew of any substance that might 
have a more lasting effect Doctor Jackson suggested to him that he try sulphuric 
ether On September 30, 1846, Doctor Morton extracted a tooth painlessly 
from the mouth of Eben Frost who had previously inhaled some ether Two 
weeks later he was given an opportumty by Dr John Collins Warren to demon- 
strate the effects of ether durmg an operation in the Massachusetts General 
Hospital It IS the mormng of October 16, 1846 The scene is the operating 
room in the hospital where Doctor Warren is getting ready to operate He is 
dressed in his best with striped trousers and a long coat In those days 
the surgeon had a coat which he wore constantly at operations so that, hke a 
butcher’s garment, it became stiffened with dried blood and could almost stand 
of Itself Near the operatmg table stood the attendants who were employed 
ordinarily to hold patients on the table Other doctors and assistants awaited 
anxiously the beginning of the demonstration For some reason Doctor 

Morton was delayed The patient had come for an operation on a congenital 
but superficial vascular tumor just below the jaw on the left side of the neck 
Suddenly Doctor Morton entered the room He had been delayed attempung 
to perfect a new inhaler As he came mto the room, Doctor Warren said, 
“Doctor Morton, your patient is ready ” Doctor Morton at once proceeded to 
apply the ether through his inhaler The pauent breathed deeply He lost 
consciousness Then Doctor Morton turned to Doctor Warren and said, 
^‘Doctor Warren, your patient is ready ” The operauon proceeded A breath- 
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ksb silence pervaded the nxim It was obvious to all that the patient 
Irom pain. The tumour was dissected out in five minutes After the 
Ujas completed and the patient came baeje to consciousness, Doctor Warre" 
! .1 thn^e who wcre present and said “ Gentkmai, this is no hum- 

.0 X 0l„cr WcMI Holme, 

Morton, said ‘My dear Sir -Everybody wants to have a hand in a great 
discovery All I will do is is to give you a hmt or two, as to the names, or the 
namcy to be applied to the state produced and the agent T'he state shouidj I 
think, be called ‘anesthesia ’ This signifies insensibility Thus was born the 
great discovery of tlie use of ether as an anesthetic To Dr Crawford Williamson 
Long goes the credit for first usmg it in an operation To Dr William Thomas 
Green Morton the credit for brmgmg it to public attenuon, and for discovering 
independently its usefulness To Dr John Collms Warren goes the 

credit for first using it in a major operation and to Dr Oliver Wendell Holmes 
the credit for givmg anesthesia its name A few months later. Sir James 

Young Simpson, professor of obstetrics at Edinburgh, used ether m a case of 
obstetrics for the first time in Great Britain However, after the passing of a few 
months he was led to change from ether to chloroform as an anesthetic for 
obstetrical work and did much to popularize the use of chloroform m Great 
Britam 


The newest anaesthetics such as the barbiturate ^‘evipan,” which induces 
deep sleep within about five seconds after a completely painless mtravenous 
injection, have elunmated the unpleasantly protracted period of anticipanon 
which was incidental to the earher methods of mhalation The patient may 
now be rendered unconscious in his bed and wake with no knowledge of his 
presence on the operating table In the long run anaesthesia has proved to be 
an immense boon Its first effect on the contrary was a record of failure which 
IS almost unbchevable in retrospect One reason for this is easy to see Ex- 
perimental physiology had rapidly advanced during the first half of the nine- 
teenth century It so happens that many animals, especially the rabbit, which 
—partly on that accoimt — is a favourite subject for laboratory work, do not 
readily succumb to post-operative infections and suppurating wounds 
Emboldened no doubt by the ease with which drastic operations can often 
be carried out in the laboratory, the surgeon was now free to undertake feats 
which he could not attempt with patients who struggled under the knife 
Many unwittingly helpful precautions of a disinfectant nature had dropped 
into desuetude The general mortality from operations rose steadily, so that 
m 18()8 It was higher than 60 per cent 

Two empincal discoveries based on the study of hospital practice paved 
the way for the advances which rapidly followed the devastating experience 
of the Franco-Prussian war A few years earher a new routine had been mtro- 
duced into matermty wards of the Vienna hospital by Semmelweis,* a 
Hungarian physician He had gamed the impression that the disease known 
as puerperal fever, which at that time commonly followed childbirth with 

* At the Manchester Infirmary, Dr Charles White, who wrote, in 1773 , a work 
“On the Management of Pregnant and Lymg-m Women and the means of curing but 
more especially of prevenung the prmcipal disorders to which they are liable/* insu- 
tuted similar precautions, but neglected through lack of any theoretical body of 
knowledge to jusufy them This illustrates another side of the “unity of theory and 
practice ** 
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fatal results, was more common in wards attended by students than m wards 
from which they were excluded He also noticed that a form of septic poison- 
ing which he observed to follow a cut hand m the post-mortem room was 
reminiscent of the same disease From this he drew the conclusion that 
infection was spread by products of decomposition and that protection could 
only be assured by washing with substances like chlorinated hme water — 
which remove the smell of putrefaction He therefore mstituted a regimen of 
rigorous washing with ±orough disinfectants before entry mto his wards 
The result was a decisive reduction of maternal moitahty. As with the 
practice of the few enhghtened surgeons, like Le Fort {vide tnfrd), the general 
attitude of the tune was to ridicule the new sanitary routine. 

It was not yet known that all putrefymg orgamc matter contains micro- 
orgamsms, that suppurating wounds and pus are analogous in this respect 
and that the destruction of micro-orgamsms is a sufficient guarantee against 
putrefaction of dead orgamc material or sepsis of exposed hvmg tissue 
The regimen mtroduced by Semmelweis was already beginmng to be 
adopted m America, where Ohver Wendell Holmes in 1843 read to the 
Boston Society for Medical Improvement a paper entitled “On the Con- 
tagiousness of Puerperal Fever,” asserting that this disease might be carried 
from patient to patient particularly by physicians who had made post-mortem 
examinations or who had attended people with erysipelas Holmes recom- 
mended changmg the clothing after taking care of a patient with puerperal 
fever and thorough washmg of the bands with bleaching powder A French 
surgeon, Le Fort, mstituted similar precautions for operations, abolished 
sponges, remtroduced alcohohzed water for dressmgs, and exacted scrupu- 
lous cleanhness from his students m the Hospital Cochm, where m 18G8 he 
was able to reduce the average mortahty to twenty-four per cent 

Alphonse Guerin introduced a new technique in treating the wounded 
of the Commune at the St Louis Hospital m 1871 He had decided to try 
out the possibihty that the “purulent infection may perhaps be due to the 
germs or ferments discovered by Pasteur to exist m the air ” So he washed 
all wounds with carbohc solution or camphorated alcohol, applying thin 
layers of cotton wool and strong bandages of new hnen Other surgeons were 
astomshed to hear that the majority of his patients had survived serious 
operations He enlisted the co-operation of Pasteur, who actively participated 
in the new hospital pohcy Progress m France was not as rapid as it was else- 
where A few years before Guerin had adopted the suggestion which emerged 
from Pasteur’s work, the same conclusion had been tested in Edinburgh by 
Joseph Lister, who freely acknowledged his ovm debt to Pasteur In Lister’s 
wards the atmosphere was sprayed with carbolic during operations, the 
wound was washed with it, and dressmgs made of gauze impregnated with 
an antiseptic mixture (1 e one known to kill bacteria) were used to cover the 
wound Between 1867 and 1869 Lister reduced the mortality from ampu- 
tations to fifteen per cent — now an alarmmgly high, as then an unbehevably 
low, figure 

The antiseptic techmque of Lister and Guerin was fundamentally different 
from the modern practice of asepsis suggested in its essential features by 
Pasteur himself They aimed at kilhng harmful microbes mtroduced by contact 
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With the mstnunents, the air and the hands The resulting gam, though 
great, had the disadvantage that antiseptics are de facto substances which 
poison hving cells Though they may be much more harmful to bacteria 
than to the tissues of the body, it is difficult to give enough to ensure killing all 
micro-orgamsms without damagmg the tissues unnecessarily The modern 
way is to take every possible precaution to ensure that the air m the vicinity of 
the wound, the mstruments, the dressmgs, the hands and clothes of the 
surgeon, his assistants, and nurses are free from microbes — mainly by usmg 
heat to destroy them “Never make use of an mstrument,’’ said Pasteur, 
“without previously putting it through a flame ” He outlined a programme 
for comparing the results of making several mcisions m each of a series of 
ammals, subjecang some to antiseptic, some to asepuc and some to neither 
treatment 

IMMUNITY AND DISEASE 

The next phase m the record of Pasteur’s contribution to medical science 
received a fresh impetus from agricultural problems in which his assistance 
was again enhsted In the seventies the flocks of France were bemg decimated 
by a disease locally called charhon^ now anthrax The special characteristic 
of the condition revealed on autopsy is an excessive enlargement of the spleen, 
a compact organ which is present m the abdommal cavity of all vertebrates 
It has no ducts or glandular tissues, though it resembles a gland m appearance, 
and Its work is mainly concerned with regulating the products of effete red 
blood corpuscles, and perhaps, smce its substance is a porous reservoir of blood 
without the contractile walls of the finer passages and hence enormously disten- 
sible, It also provides a safety valve for the mcreased blood volume m the 
mam vessels when blood pressure is high When opened, the spleen of 
ammals (sheep, cattle) which have died of anthrax reveals a black hquid pulp 
Anthrax was rife in Europe as a whole at this tune One district of Novgorod 
in Russia according to Radot lost 56,000 head of cattle between 1867-1870 
Up to this time there had been numerous mdications that the presence of 
micro-organisms was associated with certain diseases and the work of Pasteur 
on silkworms had placed one instance on a firm foundation Little advance 
had been made towards understandmg the way m which the smallest visible 
organisms, bacteria, reproduce or how to cultivate them as pure stocks A 
new method of culture for bacteria found in hvmg bodies was developed 
in the seventies by Koch, who was also working on the anthrax problem 
There is no need to retrace the historical steps by which modem methods of 
culavatmg pathogenic bacteria have been perfected The experimental 
proof that an animal disease is due to the activities of a microbe depends on 
(a) microscopic observation of the orgamsm in diseased mdividuals, {h) pre- 
paration of a “pure culture” of the observed orgamsm and (c) production of 
the diseased condition by inoculating other mdividuals with a pure culture 

The distmction between one bacterium and another is based primarily on 
direct observation of the shape or the colour assumed when a smear is stamed 
witli a dye Various types are distmguished (Fig 425) as baciUi (rod-hke), 
cocci (spherical), spirochaetes (eel-shaped) They are also distmgmshed by 
the way they congregate m pairs (diplococci), as tufts like a bunch of grapes 
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(staphylococci) or as smgle-file filaments (streptococci) The materials used 
m successfully culturing them, the optimum temperature for growth, and the 
results of introducing them into the blood also disnnguish strains which 
cannot be recogmzed as different by nucroscopic observation 
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Fig 426 — Bacteria and some other Micro-Organism^ 

All are magnified a thousand diameters (a) Streptococcus pyogenes, which causes 
septicaemia, puerperal sepsis, tonsillitis, scarlet fever, and many other inflammatory 
processes (b) Pneumococcus of pneumonia (c) Gonococcus of gonorrhoea {d) Baallus 
colt, normally present in the human intestine The typhoid bacillus is very similar to 
this one m appearance (e) Vibrw cholerae of cholera (/) Bacillus pestis of plague 
(g) Bacillus diphthenae of diphtheria (h) Bacillus tuberculosis homints, which causes 
tuberculosis in man (*) Bacillus anthracts of anthrax Some of the organisms are 
forming round spores 0) Bacillus tetam of lock-jaw, showing spores {k) Bacillus 
hotuhnus, which is responsible for the food-poisonmg called botulism (/) Virus of 
smallpox (m) Treponema pallidum, the organism of syphilis (n) Bacillus radicicola, 
responsible for nitrogen fixauon in the root nodules of legumes (p 889) {p) Nttro- 
somonas, which converts ammonium compounds in the soil into nitrous acid (/>) 
Nitrobacter, which converts nitrites in the soil to nitrates All of the above except (/) 
and (m) usually count as bacteria 

Culturing them involves findmg a medium, e g beef tea, in which they 
multiply rapidly Nowadays the medium is set in a stiff jelly by addition of 
“ agar ” so that it can be laid out in thm plates which are easily protected by a 
stenjc cover from contact with falling dust A drop of blood or expressed 
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tissue fluid containing the microbe is added to a stenie agar plate After a 
while infected areas or colomes where the germs abound are seen as opaque 
areas on the surface The colomes sometimes have features characteristic of 
the type of microbe It will often happen that the ongmal drop contains one 
or more other organisms, if it is difficult to get it with completely aseptic 
precautions The separation of a pure hne is effected by various devices, one 
being repeated subculture That is to say, a fragment of a colony is mtro- 
duced mto a fresh sterile agar plate, and a new colony obtained till all the 
organisms cultivated are identical m shape, staining reaction, or chemical 
acDon Altemaavely the cultures, which are usually kept m a “thermostat” 
or constant-temperature chamber, are made at different temperatures to 
favour the growth of one or another type of organism present 

In the process of infection, suspensions containing a known number of 
microbes in a fixed volume are used — so many hundred thousand or miUion 
mice This can be done with considerable accuracy without repeated 
recourse to the labonous method of direa enumeration The method com- 
monly used depends on the fact that the opaaty of a suspension is greater 
or less accordmg to the number of microbes present m a fixed volume If 
a fixed volume taken from a coarse suspension well shaken is diluted to a large 
volume of fluid, the number m an exactly measured drop of known volume 
need only be counted once The number per c c m the ongmal suspension 
is then blown The ongmal suspension can then be diluted successively, 
and tubes of vanous dilutions can then be used to match up the opaaty of a 
suspension of unknown strength. This 5aelds results as good as the Registrar- 
General’s returns 

Koch found that microbes m a drop of blood from anthrax victims would 
multiply rapidly m the flmd (aqueous humour) expressed from the inner 
chamber of the eye When cultured m this simple way he observed that they 
began to lengthen prodigiously, becommg punctuated with fine granules like 
peas m a pod These fine granules like the spores of a fern can resist drought 
If a drop of the fluid dries, a few flakes of dust from the dried area can be 
used after a long lapse of time to infect a culture medium, so the bacteria 
multiply by the method of spore formation Pasteur took up Koch^s method, 
using household broths or beer yeast as culture media He discovered that 
when the process of spore formation occurred and flakes consistmg of dense 
aggregate of swollen filaments appeared m the fluid, a drop of it would infect 
a second sterile broth, which would then reproduce the appropriate disease 
symptoms if injected under the skin of a rabbit or gumea-pig He successively 
subcultured forty times Like the widow’s cruse the broth continued to pro- 
duce an mexhaustible store The toxic power of the broth had also the power 
of self-multiphcation, because, m fact, the power lay m the orgamsm and 
the organism reproduced its kind 

You will notice that Pasteur had here evolved a method for recogmzing 
the existence of an orgamsm even if — unlike the anthrax bacillus — ^it is too 
small to see Non-living matter is not self-reproductive, and when the power 
of self-reproduction appears to be exhibited by a non-hvmg system hke a pot 
of broth or a plate of agar we can justifiably infer that an organism is at work 
When a micro-organism hke those which produce mosaic disease m potatoes, 
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measles in children, and many of the variegated petal types of tuhps, cannot 
be directly seen through the microscope it is called a virus As microscopic 
construction has improved some organisms have ceased to be viruses and 
have become microbes So subsequent history has repeatedly justified the 
conclusion that self-reproduction is a sufficient test of the presence of an 
orgamsm 

We can get an idea of the dimensions of a virus by applying the method 
which Spallanzani devised — unsuccessfully — to test the role of the sperm in 



Fig 426 

Outlines of (a) head of human sperm, (&) tubercle bacillus, (c) a filter-passing 
orgamsm, (J) the largest known protein molecule (that of haemocyanm, p 801), 
all magnified 10,000 times They are enclosed in a circle representing the circum- 
ference of a human red blood corpuscle, to the same magnification The microscope 
can never make visible thmgs so small as c and d, since the wave length of visible 
light sets a limit to nucroscopic vision 

fertilization He failed to prove what later workers like Prevost and Dumas 
found, because some sperms will pass through a filter made of a single layer 
of blotting paper Filters of various kinds allow particles of various sizes to 
pass through them and viruses are sometimes called filter-passing organisms, 
meaning thereby that they have free egress through filters which check the 
passage of particles just large enough to see with the best microscopes 
(Fig 426) 

For several reasons the discovery of spore formation by bactena was a great 
step forward It dispelled the objections raised by several workers who had 
failed to find the anthrax bacillus in its ordinary form and had therefore 
concluded that its presence was not a necessary condition of the disease It 
also threw new light on the way in which contagious diseases are spread 
For instance, the fact that the spores of bacteria may retain their power to 
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germinate for a long period, just as seeds of plants do, explained why people 
who occupy a house which has not been disinfected by agents for kilhng 
bacteria will contract a disease from which a previous occupant died Then, 
agam, the failure of some experiments in which stenhzation with the apparent 
destruction of all bacteria did not prove successful m preventmg a new crop 
appearing received a sufficient explanation, when it was found that spores are 
much more difficult to kill than the vegetative phase m the life history of the 
microbe For mstance, anthrax bacilh can be rapidly killed by compressed 
oxygen and they all die after a few hours’ exposure to a temperature of 80° C 
The spores are not harmed by oxygen and will resist boihng for some hours 

The two facts last quoted, and similar experience with other microbes, 
were together responsible for a very prevalent superstition and a signal 
advance in aseptic and antiseptic precautionary measures Most bacteria can 
remain, like the yeast organism, without oxygen m the hvmg state While the 
new knowledge was nghtly encouragmg greater cleanhness, its populanzation 
also fostered an inordmately exaggerated behef m the virtues of fresh air 
Air, if infected, owes its power to transmit disease to the presence of highly 
resistant spores which are unaffected by pure oxygen, and a fortiori by the 
mmute differences in the oxygen content of a room with open windows and 
a room ventilated by the vanous cracks and small orifices which mvanably 
allow free passage of air currents Often when a room is said to be stuffy 
what distmgmshes the air m it from “ fresh air ” is merely the presence of 
bodily odours, and the horror of stuffy rooms is largely a rationalization of 
a growmg bodily fastidiousness which arose as an unwittmg accompaniment 
of low fertihty and the new sanitary tradition * 

The knowledge that bactenal spores can resist much higher temperatures 
than the vegetative form, has made possible a safe techmque of asepuc 
surgery. Today dressmgs are kept for some time at a temperature much 
higher than that of water boiling at atmosphenc pressure One minor 
contribution to the new samtation was to crown the investigations of 
Pasteur and his colleagues in the same field This was the discovery of 
anthrax spores m the mtestmes of earthworms It seemed plausible to 
suppose that infected carcasses of sheep and cattle which had been left to die 
in the open might hberate anthrax spores in the soil Besides emphasizing 
the necessity of burmng the corpses when such deaths occurred and hence 
suggesting a new preventive procedure, the fact that the soil laden with 
spores of pathogemc microbes could be carried about m the bodies of earth- 
worms robbed the country churchyard of its elegiac charm 

In the year 1878 Pasteur announced the general theory that infections 
and contagious diseases are propagated by micro-orgamsms which produce 
their effects by the poisons they make just as the vmegar orgamsm sours 
good wine About this time a chicken cholera epidemic was producing serious 
disqiuet m the country-side, and a veterinary surgeon sought Pasteur’s help 
The method of recogmzing and culturing bacteria was now a routine and 
the identification of the microbe proved simple An mcidental by-product 
of the enquiry furnished a new clue to the significance of one of the few 

* Of course, it is advantageous to keep the atmosphere in circulation to facilitate 
body temperature regulation by reducing the moistness of air in contact with the skjn 
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first-rate discovepes of medicme during the eighteenth century Fresh 
cultures of the chicken cholera produced invariably fatal resrults when injected 
Sub-cultures which had by chance been allowed to stand produced a com- 
paratively mild disorder from which recovery ensued Accidentally a benign 
strain had been isolated from the more malignant type 

In further tests it was shown that the chickens which recovered from the 
bemgn form did not succumb to injections of the mahgnant cultures which 
were fatal to healthy chickens In this way Pasteur stumbled on a correct 
theoretical mterpretation of the practice of vaccination and, like any other 
correct theoretical interpretation of observed phenomena, a recipe for practice 

During the eighteenth century smallpox had been one of the most prevalent 
and deadly diseases In many countnes the majonty of people contraaed it 
at some time or another Hence it came to be noticed that an early non-fatal 
attack conferred immumty m subsequent epidenucs In the East it was the 
custom to take advantage of this fact by dehberately exposing people to 
infection from individuals with a mild form of the disease In 1798 Jenner, 
an Enghsh country physician, announced the discovery that cowpox, a 
comparatively mild disorder which hke anthrax affects cattle and human 
beings alike, confers immumty -for smallpox, and the practice of vaccmation, 
1 e dehberately infecUng the human body with the milder disease to ensure 
immumty agamst the mahgnant form, was quickly taken up Smallpox was 
wiped out m England withm a century Meantime, for nearly a whole century, 
no clue turned up to suggest the sigmficance of the procedure Pasteur’s 
work on chicken cholera showed that it is but one example of a general 
class of reactions which the body shows to infecQve orgamsms and to the 
poisons they produce 

To see whether it was possible to confer immumty for anthrax on cattle, 
he therefore set about subcultunng anthrax bacilh and testing his cultures 
to obtain a comparatively harmless strain His laboratory experimenn^ on 
anthrax satisfied him They did not satisfy his medical contemporaries in 
France In this episode, as at the announcement of his earher discoveries, 
the discussions in the Academy had the character of theological debates 
upon the Arian controversy Unhke the Trmitarian problem, the microbe 
question was amenable to public demonstration As he had done agam and 
again, Pasteur submitted his claims to demonstration before an impartial com- 
mission In one of the tests twenty-five sheep were immunized and injected 
with a malignant culture which was also mjected into twenty-five normal 
sheep at the same time All the twenty-fivfe moculated sheep survived The 
twenty-five normal sheep contracted anthrax and died of it 

The final tnumph of career was his work on rabies or hydrophobia It 
was the period from which the proverb ‘^mad as a dog” or the expression 
“dog days” date The disease was still fairly common,especially among sheep- 
dogs It was quite mcurable, and at one tune the horror exated by the symp- 
toms of human bemgs who had caught the disease after a bite from a mad 
dog encouraged the pracuce of smothermg or stranghng the patient. Such 
bites were usually fatal. Between the bite and the first symptoms about six 
weeks elapse. Durmg this mterval it is possible to produce “acave immumty ” 
Watery suspensions made from brams of infected rabbits which have died 
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of the disease are toxic, and, if fresh, fatal when injected into others If kept 
for some time they are less powerful and can be injected without fatal effect 
When Pasteur was at last prevailed on to treat children who had been bitten 
by mad dogs, he used these weak suspensions, injecting strong doses day 
by day Thenceforth the usefulness of immumzation technique gained 
general support among the English leaders of medicine 

ARTIFICIAL IMMUNIZATION 

Since Pasteur’s work m the latter half of the mneteenth century the study 
of diseases produced by micro-orgamsms has been extended to plants, with 
results of great practical importance Two potato diseases are produced by 
different viruses^ for which preventive measures are now available The 
mosaic of white and green seen on the leaves of some plants is due to virus 
mfections Such infections arc not necessarily harmful hke the mosaic 
disease of potatoes If they are not fatal, they may be valued for their orna- 
mental effects The brilliant patterns of many of our tulips are due to a virus 
which passes from bulb to bulb, produemg its characteristic effect in the 
petals of the flower 

Among the more common human diseases which are now known to be 
due to bacteria or other micro-orgamsms which can be seen with an ordi- 
nary high-power microscope are typhoid, tetanus, tuberculosis, scarlet 
fever, whoopmg cough, pneumonia, diphtheria, cholera, gonorrhoea, 
syphihs, anthrax, and infantile diarrhoea Those which are due to viruses, 
1 e micro-orgamsms which are “filter passers,” invisible to direct vision 
through the microscope, include typhus, rabies, measles, mfluenza, mumps, 
smallpox, chicken-pox and encephahtis (sleepy sickness) To these may be 
added those diseases which result from parasitic prousta which are larger 
than bacteria Such are amoebic dysentery, trypanosomiasis (tropical sleepmg 
sickness), and malaria 

When some parasitic micro-orgamsms are cultivated m broths, they set 
free poisonous substances called toxins This can be shown by injectmg broths 
which have been filtered to remove the organisms or heated sufficiently to 
destroy them Successive injections of very small doses of such broths make 
an animal able to put up with very large doses which would otherwise kill 
It Its own blood can then be used to neutralize bacterial poisons in the 
human system What we now know of the power of the animal body to produce 
substances {anti-toxins) which neutrahze bacterial or virus poisons can there- 
fore be used in two ways The first, called active immunity y is stiffemng the 
resistance of the individual agamst the possibihty of attack by encouragmg 
his own body to make its own anti-toxm The second, called passive immunity ^ 
IS reinforcing the defences of the patient with ready-made anti-toxm from 
an animal which has been actively immumzed in advance 

Protem-free broths heated to kill the micro-orgamsms or sera con- 
taining relatively zveak strains of a disease virus are called vaccines 
Vacemes are injected into the human body to produce active immumty as a 
preventive or “prophylactic” measure A good illustration of their value 
gamed from the experience of the European war is cited by Campbell French 
soldiers were not moculated with typhoid vacemes during the first sixteen 
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months Of 96,000 who contracted typhoid fever, 12,000 died of it Bntish 
soldiers received the vaccme Of 2,689 fever cases, only 170 died Vaccines 
with genuinely preventive value can be made for smallpox, t 3 ^hoid, and 
cholera They are sometimes recommended for chrome colds and sore throats 
As Campbell pomts out, this is asking more than we have any right to expea 
of them I'he faa that a patient has a chrome condmon means that his own 
body cannot put up a successful fight agamst the orgamsm or its poisons 
Giving him a httle more poison is therefore pomtless 

To produce passive immumty the blood of an immunized animal is drawn 
off The clear fluid or serum left behind after clottmg is then injected into the 
patient It can produce a transitory protection while an epidemic is raging, 
and, unlike a vaccme, can also be used to cure him, if he has already contracted 
the disease Serum treatment succeeds with diphtheria, tetanus, botulism, 
and bacillary dysentery Generally speaking, it only w'orks if the orgamsm 
responsible for the disease liberates its poison into the body fluids 

CHEMOTHERAPY 

An alternative protection against micro-orgamsms is called chemotherapy 
Poisonous substances may be broadly divided into three classes Some, hke 
cyanides and antiseptics, affect all cells Some affect special classes of cells 
common to most animals, e g strychmne, which acts on nerve cells, and 
curare (or arrow poison), which acts on nerve endings in muscles These two 
classes differ only m degree and the anaestheucs like chloroform and ether 
which poison all cells, though they affect the nervous system more readily, 
might be placed in either Fmally a small class hke carbon monoxide include 
substances whose action depends on some chemical peculiarity (see p 170) 
which IS shared only by restricted classes of ammals The susceptibihty of 
different species to other poisons differs with respect to any one of them, ’ust 
as the suscepubihties of different types of cell differ m one and the same 
orgamsm Thus the amount of strophanthin which will stop the heart of the 
common toad is about one thousand times as great as the amount which will 
stop the heart of the frog, and the amount of histamine required to kill a white 
mouse, when injeaed into the veins, is weight for weight about three hundred 
times as great as the amount which will kill a guinea-pig (0 0007 gram) when 
admimstered in the same way If an animal is infeaed with a parasite, the 
problem of poisomng the parasite therefore offers two possibihties One is 
to find a poison of the carbon monoxide class, 1 e one which only affects 
certam classes of orgamsms — attacking the parasite without harmmg the 
host The other is to find a umversal poison to which the host is far less 
susceptible than the parasite 

The first and safest method is relatively simple in dealing with bacteria 
which will not live in the presence of oxygen Thus all oxidizing agents like 
hydrogen peroxide, chlorine and iodine, which combine with water liberating 
oxygen are useful antiseptics, and a dilute solution of potassium perman- 
ganate IS used to kill the diplococcus of gonorrhoea in the early stage, 
when It IS possible to irrigate the infected region Other antiseptic reagents 
like picnc or carbohe acids, cresols (lysol) or formaldehyde are general cell 
poisons to which baaena succumb more readily than the host tissues Since it 
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IS difficult to adjust the quantity to secure the first result without the second, 
they are best used to stenhze instruments raffier than for bodily apphcation 
Although the above may be used with more or less success for external 
application, they are not adapted to internal apphcaaon This is so for a variety 
of reasons Thus hydrogen peroxide is broken up by a tissue enzyme called 
peroxidase present m most cells of plants and ammals If it were mjected into 
the blood the circulation would be obstructed by a vigorous evolution of 
oxygen On the other hand there are a few highly successful examples of 
chemical reagents which are much more toxic to particular organisms than to 
the host itself, and can be used with impumty and often with complete success 
The earliest examples of drugs belongmg to this class were enurely 
empirical discoveries Peruvian bark was added to the pharmacopoeia by the 
Portuguese after the discovery of the New World Its essential constituent, 
now better known as quinine^ is a highly effective antidote for the malarial 
organism Shortly after, some measure of success in treating syphihs with 
mercury compounds was achieved Durmg the past half century systematic 
search for such relatively specific poisons has been prosecuted with direct 
encouragement from the drug mdustry, and has produced several new classes 
of drugs which have proved highly efficacious for mdividual diseases These 
include the arsenical compounds salvarsan (“b06’') and neosalvarsan (914), 
which are highly specific for syphilis, ratbite fever, relapsmg fever and yaws 
The class of organic compounds known as the siilphonamides arc highly 
efficacious for the treatment of puerperal septicaemia, cerebrospinal fever 
(meningitis), pneumonia and gonorrhoea Recently, pemallin a substance 
extracted from the blue mould Penicillium (pp 870 and 891) has proved to 
be equally efficacious for gonorrhoea, besides being highly toxic to the 
anthrax bacillus and the bacteria of gas gangrene 

In contradistinction to the preventive use of vaceme, and the curative 
application of immune sera and a few such chemotherapeutic drugs, intelli- 
gent samtary routine based on the knowledge of how infection occurs is a 
powerful weapon m the struggle of mankmd with rmcro-orgamsms Thus 
cholera germs are earned m drinking water, and sterihzation of water by 
boiling, by chlorination or other methods used in modern reservoirs is a 
sufficient safeguard The micro-organism of yellow fever, which once made 
white colomzation of Central America impossible, is earned by a mosqmto 
whose bite infects the human victim as that of a rabid dog transmits hydro- 
phobia As with malana, which is also earned by a mosquito, ehminaaon of the 
breeding ground of the mosquito by the use of a dim film of paraffin oil on 
standmg water, or by draining swamps, makes infection impossible The com- 
pletion of the Panama canal is a direct result of applymg this knowledge Typhus 
is earned by lice and bubomc plague by the rat flea The destruction of hce 
and rats protects a commumty from the peril of infection with these diseases 
Three hundred years ago the average length of human life m England 
was thirty years Today it is sixty-one Of a thousand babies bom in Bacon’s 
time about three hundred normally died in their first year Today sixty die m 
England and thirty m New Zealand With intelligent statesmanship wc could 
brmg the British figure down at least as low as ±at of New Zealand In part, 
the record of progress is due to poor law reform, old age pensions, and other 
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ameliorative measures In part, it is due to samtatiou and drainage under- 
taken — as with malana — ^without any clear theoretical guidance On the other 
hand several diseases have been ehmmated by defimte apphcation of newly 
found knowledge, or, like smallpox, by the use of immumzation before the 
nature of the techmque was understood Malaria, which was rampant m the 
fen counties of Defoe’s England, disappeared before the part played by a 
mosquito in transmittmg the orgamsm was known Because we know this now. 
It IS bemg stamped out dehberately and effecuvely where it still persists 
Unless samty and samtation are submerged in world war by Japanese im- 
perialism, cholera, typhoid, diphtheria and infantile diarrhoea will soon be 
historical or geographical curiosities like typhus, malaria and bubomc plague 

The knowledge which has made it possible to control diseases like these is 
based on experiments with animals Those who value the welfare of miners 
less than that of mice and place the comfort of cats above the safety of 
children, devote pamstaking ingenuity to the plea that all the improvement 
which has taken place is due to social reform and samtation There would be 
some piausibihty in these assertions if our pubhc statistics did not mclude 
the record of individual diseases The tempo of improvement has steadily 
increased smee samtation has been guided by the new knowledge Thus 
the death-rate from typhoid in the Umted States fell from 36 per thousand 
in 1900 to 6 per thousand in 1932, and the present figure in the large cities 
is below 3 per thousand 

While the debt of mankmd to the progress of medical knowledge is sub- 
stantial, there is much to )ustify a critical attitude to the present orgamzation 
of medicine The system of pnvate practice which makes the medical man 
largely dependent on fees collected for the exercise of knowledge which no 
one man could possibly carry in his head at once is not adapted to the fullest 
use of the new knowledge One result is that the medical man becomes the 
tool of commercial firms which encourage the behef that their produas comer 
benefits grossly m excess of any claims which the research worker puts 
forward The commerciahzation of medical preparations by pnvate competing 
firms perpetuates the alcherrucal elixir So soon as a new drug or treatment is 
discovered there is a strong temptation to welcome it as a panacea Modern 
practice still encourages many silly illusions of this type Thus quinme, 
which is a highly specific and efficacious drug for malana, is commonly taken 
for colds and influenza in the absence of the shghtest evidence that it has 
any effect on them Similarly the success of early work on immumzation led 
to the belief that any disease produced by a micro-orgamsm could be treated 
successfully by vaccines or immune sera We now know that this can rarely 
be done unless the organism liberates its poison into the circulation In short, 
there is no single type of treatment which apphes to all of them On the 
other hand, there is every reason to believe that research can provide an 
effective weapon against any disease which results from the presence of an 
orgamsm which can be seen or cultured 

THE NITROGEN CYCLE OF NATURE 

Besides providmg a powerful snmulus to the study of plant and ammal 
diseases which are produced by the activity of parasme orgamsms such as 
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bacteria, viruses, fungi and so forth, Pasteur’s work laid ±e foundations of 
what is now beginning to prove an important branch of agricultural science 
While space does not permit any reference to the practical importance of soil 
bacteriology, a brief reference to one theoretical issue which the new theory 
of infection helped to elucidate will prepare the way for further discussion in 
the ensuing chapter About the time when crop rotation was begmnmg to 
excite mterest and discussion m England, Glauber (1656) had discovered 
a new meaning in the adage “corruption is the mother of vegetation ” 
“Havmg found saltpetre m the earth cleared out of cattle sheds,” says Sir 
John Russell, “he argued that it must have come from the urme or droppings 
of the ammals, and must, ±erefore, be contained in the ammals’ food, i e 
m plants ” 

He was thus led to the discovery that saltpetre might be used as a sub- 
stitute for manures to promote plant growth In England where the Heads 
of Enquiries had directed special attention to the use of manures, Mayow 
(1674) took up the problem from a new angle, estimated the saltpetre content 
in the soil at different times of the year and showed that it occurs m greatest 
quantity m sprmg when plants are startmg to grow He could find no appre- 
ciable quantity “in soil m which plants grow abundantly, the reason being 
that all the mtre of the soil is sucked out by the plants ” 

We now know that mtrogen is an essenual element of the protein molecule 
and therefore of the substance of all livmg matter The use of mtrates m the 
soil IS the principal way in which the plant gets the mtrogen necessary for 
making more protein in the process of growth Hence a fundamental issue 
which arises from the practice of agriculture is how the soil renews its supply 
of mtrates “sucked up by the plants ” Though crop rotation showed one way 
in which the renewal occurs in nature without the mtervention of artificial 
manures, the use of Icgummous crops, hke clover, sainfom, lucerne or beans, 
to improve soil depleted of its nitrogenous materials remamed a complete 
mystery till Pasteur’s work had shown that useful “fermentations” produced 
by micro-organisms differ from harmful “putrefactions” only in so far as the 
results immediately affect the convemence of human bemgs 

The recogmtion of the need for greater care m the disposal of sewage 
sufficiently explains renewed interest in the nature of a process which had 
defeated all previous enqmnes, after mterest in the question had been 
quickened by the work of Boussmgault (1841), who had conclusively proved 
that leguminous plants differ from others m being able to take mtrogen from 
the air itself When animal or plant residues putrefy one of the products is 
ammoma, which can be easily detected m the atmosphere near a manure 
heap Nitrates, as Glauber had shewn, are also formed Pasteur himself had 
suggested that the production of mtrates is due to bacterial activity , and this 
suggestion was put to the test m an expermient by Schloesing and Muntz, who 
were studying the purification of sewage by land filters dunng the sevenues 

In their investigation a continuous stream of sewage was made to tnckle 
through a column of sand so slowly that it took eight days to pass through it 
For the first three weeks the ammoma present in the sewage was not affected 
Later on no ammoma was present m the issuing flmd which now contamed 
mtrates instead The delay could hardly be due to chemical action, and the 
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fact that conversion of ammonia into mtrates was stopped if traces of chloro- 
form were added, indicated that an orgamsm was at work About the same 
time an English chemist, Warington, shewed that solutions of ammonium 
salts can be “mtnfied’^ by addmg a trace of soil The orgamsms were success- 
fully cultured by Winogradsky ten years later 

These experiments indicated what was proved directly by adding manure 
or pure mtrates to sand cultures or ordinary crop plants like oats The 
manure simply supphes the green plant with mtrates which are formed by 
the action of bactena on it With seeds of legummous plants hke beans, lupins, 
clover, lucerne, etc , which arc used to restore the soil m a crop rotation, the 
growth IS not proportional to the mtrates supphed Given enough nitrates to 
start their growth, the seedlmgs normally establish themselves m a sand 
culture with no need for any further addition of mtrates, ammoma salts or 
manure Such plants differ m an important respect from ordinary crops 
Their roots always have httle round nodules which are easily visible if you 
uproot a lupin or sweet-pea plant. Microscopic exammation reveals that these 
root nodules are really small tumours infested with bactena So if legummous 
seeds are grown in stenhzed sand they form no nodules It is then found that 
they will not grow unless they are regularly supplied with mtrates hke oats or 
grass seedhngs If a httle water which has been shaken up with ordinary soil 
IS added to the stenhzed sand cultures, the seedhngs develop nodules and 
no longer reqmre the further addition of mtrates to make them grow 
The fact that they do grow and put on body weight which analysis shews 
to be partly the result of an increase of mtrogenous matenal, shews that they 
must get their mtrogen from the air directly Thus the root nodule of legumin- 
ous plants is a benign, or one may rather say beneficent tumour, produced by 
an orgamsm which can use the mtrogen of the air to make mtrates Two 
French workers m the nineties rounded off the story by analysing the air, 
the soil and the seed for mtrogen at the begmnmg of an expenment, and the 
air, the plant and the soil at the end of one The results of such an expenment 
are shewn below 

Pea seedlings Cress seedlings 
{milligrams) {mtlltgrams) 

Nitrogen lost by air 134 6 3 8 

Nitrogen gamed by soil or plant 152 4 2 0 

Apart from what is taken up by free soil bactena, there is no appreciable 
loss of mtrogen from the air when cress seedlmgs grow, and the total mtrogen 
content of plant and sod does not change when cress seedlmgs are cultured, 
because the cress gets its mtrogen from the sod which loses proportionately 
On the other hand there is a total gam of mtrogen by the pea seedhngs and 
this gam is offset by a correspondmg disappearance of atmosphenc mtrogen 
This IS why sod on which a legummous crop has been reared contams more 
mtrates at the end of the season mstead of less. The mtroduction of regular 
rotauon of leguminous and non-legummous plants was, like the fermenta- 
tion of wmc, an unwitting expenment m what may become a most important 
development of biotechnology — the domestication of micro-orgamsms 
The discovery of mtrogen-fixmg bactena stimulated the search for more 
direct means of tappmg the vast reservoir of atmosphenc mtrogen for human 
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use at a ume when the need was becoming critical Nitrate deposits are rare 
in nature During the eighteenth century the nitrate content of insanitary 
dumps in India was a coveted source of matenal for the gunpowder industry 
At the beginning of the mncteenth a new source was exploited Along the 
western coast of South America enormous deposits of sodium mtrate (Chile 
saltpetre) formed from accumuJanons of bird excrement became avail- 
able for export, and supphed the growmg demand for artificial fertihzers 
More than 50 million tons have been removed since their discovery Crookes 
startled the world of science in 1898 by pointing out that huge populations of 
industrialized countries could not much longer replenish the mtrogen of the 
soil from which they got their food, at the rate of depletion which was then 
taking place Subsequent history provides a forceful example of the way m 



Fig 427 — The Nitrogen Cycle in Uncropped Land 
In this case the plants die where they grow, and the cycle plants nitrates plants is 
complete except for losses in the drainage water 1 hese losses are made good at the 
other end by nitrogen fixation by bacteria in root nodules or m the soil, and the losses 
and gams tend in the long run to come into equilibrium In cropped land, the plants 
arc removed from the soil and with them their nitrogen Their loss of nitrogen can 
then be made good by addition of nitrogenous manure or by growmg a crop of legumes 
and ploughing them in, or by letting the land he fallow or under grass, so that nitrogen 
fixers in the soil can have time to make good the loss 

which chemical and biological science is continually finding umvcrsal substi- 
tutes for the ready-made products which Nature supplies m restricted areas 
One method of fixing atmospheric nitrogen, operated on a commercial scale, 
IS the cyanamide process Finely powdered calcium carbide (used for acetylene 
lamps) takes up nitrogen when roasted at a high temperature in an atmo- 
sphere of the pure gas The product is poisonous, if laid on too heavily when 
applied to the soil, and is disadvantageous if the soil already has a high calcium 
content Where hydroelectric power is abundant a method which has proved 
economically adequate is the Birkeland and Hyde process in which air is 
blown through an electric arc into water Some of the nitrogen and oxygen 
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unite to form the oxide which dissolves m the water forming nitric acid 
The process imitates nature, because traces of mtric acid are formed m air 
during thunderstorms The success of the German chemist Haber, whose 
discovery that mtrogen and hydrogen when heated together at high pressures 
m the presence of a catalyst such as iron or alummium oxides form ammoma, 
made German agriculture independent of Chile saltpetre during the Great 
War If the final issue failed to fulfil Glauber’s dream (p 407) of the Prosper Uy 
of Germany^ events could scarcely have furmshed a more spectacular vindica- 
tion of the vision which the discoverer of artificial nitrogenous manures had 
entertamed After Hitler’s rise to power, a grateful Government forced Haber 
to resign his professorship and research posts, for which he was deemed to 
be unfitted by his non-Aiyan antecedents 
In newly developed countries hke Canada the sod is often deficient m the 
nitrogen fixing bacteria which form root nodules, and is then incapable of 
pcrmittmg the growth of healthy crops of leguminous plants unless a culture 
of the orgamsms is spnnkled on it The Canadian Government has system- 
atically encouraged the farmers to send samples of soil for testing If found to 
be free of mtrogen fixing baaena, cultures are supplied to infect it The 
extent to which biotechnical inventions are encouraged and apphed is almost 
entirely due to pubhc services Till the Soviet Union assumed a position of 
leadership m agricultural development, the Umted Slates, with a highly in- 
dividualistic tradition of industry, was foremost m pursuing an energetic pro- 
gramme of agricultural advice, test work, and disease control under the 
direction of the Federal Bureau of Agriculture The success of American 
agriculture is the retort courteous to American individuahsm 
The only conspicuous constructive biotechmcal achievement which has 
developed under private enterprise is the cheese mdustry The production 
and npenmgof cheesedepends on a varied assemblage of bacteria and moulds 
(fungi) such as the Penicilhum which confers the green colour on the Gorgon- 
zola The flavour of a particular cheese, hke that of a particular wine, formerly 
known by its local name, depends on the small quantities of orgamc com- 
pounds — chiefly esters — formed m addition to the main product of lactifica- 
tion or fermentauon by other orgamsms The local quality of the milk is 
mainly important m so far as it provides a smtable culture medium for a 
particular micro-fauna When the method of culture is understood, cheese of 
a particular type — Stilton, Cheddar, St Ivel, Dorset Blue — can be made 
under laboratory conditions m any part of the world 
Agriculture is the Cinderella of production m most countries where the 
capitahst system survives If our glimpses at the social backgroimd of science 
have taught us anythmg, biotechnology will not make rapid strides hke 
engmeenng, chemistry, and physics, ull a new social mechamsm of food 
production comes into being The collectivization of agriculture m the Soviet 
Umon may therefore prove to be a turning point in history, the end, as Lenm 
put It, of village idiocy The destiny ot the largest national unit in existence 
IS now committed to scientific food production Future historians may think 
that the folhes and intolerance of a young civilization are trivial in comparison 
with the momentous achievement of creaung a new social impetus to biological 
discovery 
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THE LAWS OF INCREASING RETURNS 


Thl “Invisible Colledge^’ which afterwards became the Enghsh Royal 
Society was formed by a group of men mspired by Bacon’s eloquent plea 
that “the true and lawful goal of science is to endow human life with new 
powers and inventions ” Biological no less than mechamcal inventions were 
prominent m the programme to which they set themselves Among the topics 
which occupy a promment place m the “Heads of Enquiries” are the pro- 
perues of soils and manures When Bacon wrote the Advancement of Learyi- 
ingy It was believed, in his own words, that water constitutes the “prmciple 
of nourishment” of the green plant By an iromcal circumstance van Helmont, 
who first studied carbon dioxide and introduced the word gas mto the 
dictionary of science, beheved that he had proved that plants need little 
sustenance except water He earned out what appears to have been the first, 
ccrtamly one of the first, experiments on the nature of growth A young tree 
shoot was potted in a weighed quantity of soil “In the end,” he tells us, “I 
dried the soil once more and got the same 200 pounds that I started with, less 
about two ounces Therefore the 164 pounds of wood bark and root arose 
from water alone ” 

We now know that the green plant, like Shelley’s chameleon, “fives on 
fight and air ” Shelley’s statement would have been nearly true if he had 
substituted camellias for chameleons A large bulk of the extra growth in 
van Helmont’s experiment came from the carbon dioxide which is normally 
present m the air Admirable in principle, van Helmont’s investigation had 
two other practical defects He did not weigh the water supplied to see 
whether 164 pounds of water had actually disappeared, and he underrated 
the significance of the two ounces of soil 

Further progress towards scientific knowledge of how food is produced 
resulted from the discovery that saltpetre is present in manure This dis- 
covery, which,Iike so many others m the history of science, was partly prompted 
by the search for new ways of destroying human fife, led him to another 
which proved to be the means of conserving it Glauber found that the 
saltpetre content of manure is mainly responsible for its power to increase 
the fertility of the soil That is to say, saltpetre, or as we now know nitrates 
m general, can be used instead of manure to revive exhausted soils Mayow 
(1674) in England seized on this discovery in the spirit of the new programme 
of “Heads of Enquiries,” estimated the nitre content of the soil at different 
seasons by such methods as were then known, and showed that it is highest 
in spring when the crops begin to grow 

An early example of the use of precise methods m the study of nutrition 
IS furnished by an experiment in which another Englishman, John Wood- 
ward (1699), tracked down the missing two ounces m Helmont’s work 
Woodward grew spearmmt in ram water, Thames water, water from the 
Hyde Park conduit, and water to which a measured quantity of soil had been 
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added He then measured the sohd content of each sample of water, the 
water used up, and the gam in weight of each set of plants, after a period of 
eleven weeks The historic mterest of this enquiry, which shows the use of 
quantitative methods in advance of contemporary chemical practice till the 
time of Black and Lavoisier, is instructive, when we recall the powerful 
impetus which the study of chemistry received from the study of artificial 
manures (see p 408) Two typical experiments are cited by Russell, as 
follows 



Source of Water ! 

Weight of Plants 
(in Grains) 

Gam m 

1 1 Weeks 

Water Loss j 

Plant Gam to 
Water Loss 
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After 
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3,004 

1 172 

28 

64 

20 1 
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1 90 

(«) 
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Ditto with li 
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1 

249 

1 

139 1 

13,140 

1 94 


Lsoil added 

92 

376 

284 

14,960 

1 53 


With the new air pump of Hooke and Boyle, the Enghsh physician Hales 
showed that air as well as salts and water is necessary for plant growth In 
the same social context one of the predominant foci of enquiry was the nature 
of fluid pressure and flow In 1727 Stephen Hales published his Vegetable 
Staticks in which he described experiments on the amount of water taken 
up by the roots and the amount which evaporates from the surface of thr* 
leaves These showed that there is a contmuous flow of water from the 
roots to the leaves By fixmg a pressure gauge to the cut end of the stem of 
a plant in moist soil or water. Hales measured the actual ‘Toot pressure’’ of 
the ascendmg sap The cells of the fine hairs on the roots are senu-permeable, 
allowing water to pass inwards more readily than salts (Fig 428) So water 
is sucked in by the osmotic pressure of the sugars and salts of the sap 
To an appreciable extent, as Hales discovered, the ascent of sap is due to 
capillarity (see p 398) Water passes up the stem through the fine vessels 
called tracheae^ which make up the bulk of the woody part of the stem and 
the veins of the leaf Tracheae (Fig 398) develop from rows of elongated 
dead cells with spirally thickened walls The cells are arranged end to end 
The transverse walls between adjacent cells arranged in smgle file break 
down, so that contmuous tubes of exceedingly fine bore are formed Hales 
performed experiments on capillarity with fine glass tubes The physical 
phenomena of capiUanty and of osmosis were both discovered m coimexion 
with the problems of the movement of water m plants 
We now know that the ascent of sap is not wholly accounted for by the 
conanuous supply of water to the tracheae by the osmotic action of the root, 
or by the capillary attraction of the wood vessels A third process, known 
as transpiratiofiy plays an important part, espeaally where ^e sap ascends 
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to a considerable height as in trees The tlun-walled cells inside the green 
leaf lose large quantities of water by evaporation, and as this happens the 
osmotic pressure of their sap tends to rise, and may reach 10 or 20 atmo- 
spheres Water is consequently drawn into these cells, by osmosis, from the 
tracheae of the leaf veins If confined in narrow tubes, water columns are 
capable of withstanding suction amounting to several hundred atmospheres 
without breaking Suction of water m the tracheae of the leaf can tlius draw 
the columns of water, extending through the tracheae from leaf to root, 
upwards against gravity, as if they were so many sohd rods. 



t 1 coot luiirs^ 


Fig 428 — Part or a Section Through a Young Root 

The most important ditTcrence between the stem and the root is that the yount^er 
parts of tlie latter are covered by a layer of thin-walled cells, which are readily permeable 
to water Many ol these cells have fine hair-hke outgrowtlis, the root-hairs, which 
penetrate the moist soil ind offer a large suifacc for the absorption of water and 
mineral salts in solution The wood and bast of the young root are arranged on alternate 
radii instead of together in bundles as in the stem, and the whole vascular cylinder is 
enclosed in a sheath of cells, die mdodermn, sometimes found also m stems The 
pith IS often absent 


Dunng the first half of the eighteenth century interest in manures was 
temporarily subordinated to mechamcal improvements In England the 
protagomst of the new methods was Jethro Tull, who introduced the drill, 
thereby eliminating wind and labour waste due to broadcast sowmg Tull 
advocated frequent hoeing to pulverize the soil between seedlings planted m 
uniform rows His methods, which systematized a variety of local practices 
in a single routine, spread to other countnes, and naturally produced con- 
siderable improvement by making more thorough use of available natural 
resources already present m the soil without recourse to manures Tull’s 
writings were translated into French, provoked widespread controversy, and 
made the nourishment of the green plant the pivotd issue of agricultural 
theory and practice 
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Meanwhile Scotland was passing through a rapid phase of agrarian expan- 
sion and reorganization described in Dr Hamilton’s book (pp 431 and 583) 
In 1723 The Honourable the Society of Improvers in the Knowledge of Agn-- 
culture was incorporated to carry on a campaign for spreadmg and sharing 
information concernmg new techmque Scottish agriculture contmued to 
thrive durmg the process of mdustnahzation which began with the hncn 
mdustry and proceeded apace in the latter half of the century Chemical 
manufacture was begmmng Medical men equipped with chemical know- 
ledge such as Black> Roebuck, and Francis Home were m close contact with 
the rismg industries Home, whose contribution to the bleaching of hnen 
has been cited (p 435), threw himself with equal zest into the problems raised 
by the Improvers In 1757 he pubhshed the result of his own researches in 
a noteworthy treatise, Principles of Agriculture The more the farmers “know 
of the effects of different bodies ou plants,” he declared, “the greater chance 
they have to discover the nourishment of plants ” 

Home made pot experiments, adopting Woodward’s quanutauve methods, 
added measured quantities of various substances (Epsom salt, potassium 
sulphate, saltpetre, etc ) to a measured amount of soil, and compared the 
weights gained by plants grown in each mixture Though such experiments 
were the foundation of modern use of potash fertihzers for soil deficient in 
potassium salts, mtelhgent use of appropriate fertihzers could not yet be 
prescribed A systematic classification of compounds based on their common 
ingredients and an analytical techmque gmded by such a classification were 
not yet to hand Even the simple conclusion that air is essenual to plant 
growth, as it is also essential to ammal survival, was without meanmg because 
of the paucity of precise information about the constituents of the atmosphere 

These deficiencies were soon to be removed In the half century which 
followed the foundation of Roebuck’s factory for makmg sulphuric acid, and 
witnessed the ascent of the first hydrogen balloons, the introduction of coal 
gas and metallurgical innovations associated with the use of steam power, 
chemical science grew rapidly Black’s work on carbon dioxide, Rutherford’s 
isolation of mtrogen, the researches of Watt, Cavendish, and Charles on 
hydrogen, those of Priestley, Lavoisier, and Scheele on oxygen — distin- 
guished the principal constituents of air and the four elements w^hich make 
up the bulk of plant tissues They reawakened interest m the problem of 
breathing and made it possible to analyse the elementary constituents of the 
atmosphere and of the plant body 

While prosecutmg the researches which led to the modern view of metal- 
lurgical processes, Scheele, Priestley and Lavoisier also devoted their efforts 
to the analogous problem of combustion, breathing, and aniihal heat An 
important by-product of these subsidiary inquiries were two contradictory 
observations One was made by Pnestley who claimed that mmt purifies air 
made unfit to sustam animal life by breatlung The other was made by Scheele, 
who asserted that plants like ammals vitiate air In modern terms Pnestley 
claimed that plants remove carbon dioxide, Scheele that they produce it 
Spallanzani seems to have been the first to have resolved the paradox by noting 
that aquatic plants give off bubbles of oxygen in sunlight and do not do so m 
darkness. Two European workers, Ingen-Housz and Senebier (1779-1782), 
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independently took up the clue, and showed that while plants remove carbon 
dioxide from the air and give up oxygen to it m sunhght, they evolve carbon 
dioxide and take up oxygen m the dark They thus showed that two kinds 
of gaseous exchange between the green plant and the air occur One is 
comparable to respiration m animals The other is essentially different 
from It. 

At Geneva Senebier was associated with the biologist de Saussure, who 
was in close touch with Spallanzani In 1804 the son of de Saussure under- 
took an enquiry on the same lines as the experiments of van Helmont and 
Woodward, addmg two new features which advancmg knowledge of the 
chemistry of gases now made possible In addition to weighing the dry 
matter which the soil loses and findmg the total gam m weight of the plant 
itself, he measured the changmg composition of the air durmg its growth 
and analysed the constituents of the ash and combustible matter of the plant 
separately 


THE COMPLETE ANALYSIS OF GROWTH 

The prmciple of experiments undertaken hkc those of de Saussure to give 
a complete balance-sheet of plant growth may be outlmed as follows A 
group of seedlmgs is divided mto two lots, one is set aside for complete 
analysis at once The others are {a) first weighed, then cultured in a closed 
chamber through which a known volume of air is passed, with their roots 
m a measured volume contaimng a mixture of salts (nitrates, phosphates, 
and sulphates of potassium, calcium, and magnesium) approximating to that 
of a suitable soil content, (h) weighed a second tune after a period of active 
growth, and then subjected to complete analysis hke the first batch of 
seedlmgs 

The analysis of the seedhngs or of the grown plant involves three opera- 
tions Each is weighed, thoroughly dried, and weighed again The loss of 
weight represents the uncombmed water of the plant juices 1 he dried plant 
is incinerated m a hard glass tube through which dry COjj-free air is passed 
(Fig 429) The loss of weight represents the total combustible or “organic” 
matter m the plant body The residue is the weight of mmeral salts which 
may be separately analysed If the air is sucked from the combustion tube mto 
(a) some dehydratmg agent like strong sulphuric acid or calcium chloride, or 
{b) some CO 2 absorbent such as lime or baryta, the total carbon and hydrogen 
which go to make up the orgamc matter can be estimated Since the air 
drawn through the chamber contams no water vapour or carbon dioxide, the 
gam m weight of the dehydratmg agent is due to water formed by the oxida- 
tion of hydrogen m the combustible matter of the plant, and the gam of the 
lime or baryta is due to COg formed by oxidation of the carbon One-mnth 
of water by weight is hydrogen, and three-elevenths of carbon dioxide is 
carbon Hence one-mnth of the mcrease in weight of (a) represents the 
hydrogen present m the orgamc material of known weight, and three- 
elevenths of the mcrease m weight of (h) represents the carbon The percentage 
of carbon, hydrogen, salts, etc , m the seedhngs is not found to vary much 
If, therefore, the weight of a plant cultured from the same stage m a nutnent 
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solution IS known, an accurate estimate of its composition at the beginning 
of the experiment can be made from the analysis of the first batch 

This IS how we can find how much the weights of salts, carbon, hydrogen, 
etc , increase m a period of growth To find where they all come from it 
IS necessary to analyse the air and the nutrient solution in which the roots 
grow A stock of the latter containing a known weight of each constituent 
in a measured volume is first made up If the volume of solution used for each 
seedling is measured, their imtial supply of salts is therefore known At the 
end of the experiment each solution used is analysed, and the loss indicates 
how much has been taken up by the plant The loss of phosphates, of metallic 
salt constituents (potassium, calcium, magnesium) exactly corresponds to the 



Fig 420 — Amount of Carbon and Hydrogen Fixed in Organic Matter in the 

Green Plant 


When incinerated in a cm rent of dry air, the organic matter of a dried plant is oxidized 
with formation of water vapour and carbon dioxide 1 he sulphuric acid in B absorbs 
the former^ the soda lime m A the latter If A and B are weighed before and after the 
experiment, the increase m weight of A gives the carbon dioxide (three-elevenths of 
whiCh represents fixed carbon), and the increased weight of B gives the water vapour 
(one-ninth of which is fixed hydrogen) 

increased quantity of each m the plant ash The loss of sulphates and mtrates 
does not qmte correspond to the gain of sulphates and nitrates in the plant 
body Part of the sulphur and most of the mtrogen appear as oxides of 
these elements driven off when the orgamc matter is incinerated When 
this IS taken into account all the nitrogen present m the orgamc matter of the 
plant IS found to come from the nitrates in the nutrient solution 

If the nutrient solution contains no free COg, no carbonates nor other 
soluble compounds of carbon, the gam in weight represented by the carbon 
of the orgamc matter does not enter the plant by the roots Unless hvmg 
things can manufacture elements out of nothing, or can transmute one 
element into another, it must therefore come from the air, which as Priestley 
proved is “purified” by the green plant m sunhght Experiments show that 
seedlings wdl not grow in the dark nor m COg-free air once they have thrown 

2F 
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off their seed leaves (Figs 434-.’5) which contain a store of inorganic matenal 
To show that the carbon content of the combustible matter comes from ihe 
carbon dioxide, the air drawn out of the closed chamber (Fig 430) is passed 
over a CO, absoibent, e g slaked lime The volume of air which is drawn 
through the chamber while the experiment is in progress is easily measured 
m the way illustrated m the figure The mcreased weight of the tube con- 
taimng the CO^ absorbent shows how much CO2 is present in the air which 
has circulated around the plant The CO 2 present m the same volume of air 



Fig 430 — FiNomo the Carbon Dioxide Uptake of a Green Plant 


hi the dummy experiment above a fixed quanuty of air (e g 20 litres) is passed through 
the apparatus, the carbon dioxide being absorbed by the Soda Lime A The same 
quantity of air passed over a green plant durmg a correspondmg period gives up its 
remaining carbon dioxide to B The difference between the amounts of carbon dioxide 
taken up by A and B gives the carbon dioxide uptake of the plant durmg the mterval 

which has not circulated round a plant is determined in the same way, and is 
found to be greater The diiference is the weight of COg removed from the 
air by the plant Three-elevenths of this (p 451) is the carbon which the plant 
gams m growth, and corresponds to the gam of carbon determmed by 
mcmeranon 

commercial manures 

De Saussure’s work estabhshed the revolutionary conclusion that the 
green plant gets all its carbon from the air and that it can only do so in 
sunhght It belongs to the same social context as that of Priestley, Lavoisier, 
Bcrthollet, and Davy, whose researches participated in the early stages of 
chemical manufacture at a time when a new demand for metals to meet the 
needs of new mdustry conspired to focus attention on the part played by gases 
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in chemical combmadon It also threw new hght on the essential mineral 
constituents of the plant body, m particular lime and phosphates This paved 
the way for a new synthesis of practical expenencc, theoretical knowledge, 
and industrial enterprise 

Scientific plant nutrition mvolves three kmds of knowledge {a) the essential 
constituents of the plant body, {h) specific variations of the constituents m 
different classes of crops or garden plants, (c) local vanations of the content 
of these constituents in the soil Gmded by (a) or (^), it is possible to find 
out the necessary minimum of the various salts which the soil must contain 
to promote healthy growth, and analysis of a soil sample then tells us in what 
respect it is deflaent The defiacncy can thus be rectified by the applica- 
tion of a suitable dressmg of artificial fertilizer 

From another point of view the work of de Saussure and his predecessors 
from Woodward onwards reflect*^ the mterest m soil exhaustion accompany- 
ing the growth of capitalist farming and the expansion of population, as 
capitalist industry extended Davy, who had an uncanny knack of 
realizing where the prosecution of theoretical knowledge could best advance 
the interests of the mdustnahst, reahzed the possibihties of further research 
linking up the nutritional needs of the plant with vanations of soil content 
In his book English Farmings Past and Present^ Prothero refers to the enthu- 
siastic interest aroused by Davy’s imtiative m the following passage 

The dawn of a new era, in which practical experience was to be combmed 
with scientific knowledge, was marked by the lectures of Humphry Davy m 
1803 In 1767 Francis Home had msisted on the dependence of agriculture on 
“Chymistry ” Without a knowledge of that science, he said, agriculture could 
not be reduced to principles In 1802 the first steps were taken towards this 
end The Board of Agnculture arranged this senes of lectures on “The Con- 
nection of Chemistry with Vegetable Physiology,” to be dehvered by Davy, 
then a young man of twenty-three, and recently (July, 1801) appomted Assistant 
Professor of Chemistry at the Royal Institution of Great Britain He had already 
made his mark as the most bnlliant lecturer of the day, attracting round him 
by hjs scientific use of the imagination such men as Dr Parr and S T Coleridge, 
and the talent, rank, and fasluon of London, women as well as men His six 
lectures on agricultural chemistry, commencmg May 10, 1803, were delivered 
before the Board of Agriculture So great was their success that he was appomted 
Professor of Chemistry to the Board, and m that capacity gave courses of 
lectures durmg the ten followmg years In 1813 the results of his researches were 
published m his Elements of Agricultural Chemistry The volume is now out- 
of-date, though the lecture on “Soils and their Analyses,” m spite of the pro- 
gress of geological science and the adoption of new classifications, remams of 
permanent mterest Many passages that were then listened to as novelties are 
now commonplaces, others, especially those on manures, have been completely 
superseded by the advance of knowledge But if the book has ceased to be a 
practical guide, it remams a historical landmark, and somethmg more It is 
the foundation-stone on which the science of agricultural chemistry has been 
reared, and its author was the direct ancestor of Liebig, Lawes, and Gilbert, 
to whose labours, m the field which Davy first explored, modern agriculture 
IS at every* turn so deeply mdebted It was Davy’s work which mspired the 
choice by the Royal Agricultural Society (founded m 1838) of its motto “Prac- 
tice with Science ” 
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In England the newly formed Board of Agriculture had been active from its 
inception in collecting specimens of soil for analysis The imtiative did not 
come from the commercial firms which began to reap the profits of the new 
knowledge From first to last private enterprise has merely exploited a 
demand due to modern biotechnical discoveries fostered by technical 
education and advisory work undertaken by Government departments 
Besides providmg a fresh market for chemical products, the scientific study 
of plant nutrition also created a new demand for mechamcal instruments 
for tilling, and subsequently for reaping, bmding, and threshing Prothero 
says 

The changes which have been noticed m modem farmmg necessitated more 
frequent operations of tillage, which, without mechanical mventions, would 
have been too costly to be possible Here, agam, science came to the aid of 
the farmer, and supplied the means of makmg his labour cheaper, quicker, 
and more certam The Royal Agricultural Society may legitimately pride itself 
on the useful part which it has played m mtroduemg to the notice of agri- 
culturists the new apphances which mechamcal skill has placed at their service 
Yet, when the Society was founded, none of its promoters foresaw the importance 
of the mechanical department At the Oxford show m 1839 one gold medal 
was awarded for a collection of implements, three silver medals were allotted, 
and a prize of five pounds was given for ‘*a paddle plough for raising potatoes ” 
At the show at Gloucester in 1853, 2,000 implements were exlubited The 
modern system of farmmg had, m the mterval of fourteen years, bmlt up a 
huge mdustry employed m providmg the agricultural implements that it 
required 

The combustible material of a plant or animal body contains four principal 
elements hydrogen, carbon, oxygen, and nitrogen The source of the nitrogen 
in plants is not a smgle problem because some green crops, beans, 
have bacterial tumours or root nodules due to the presence of rntrogen^ 
fixing bacteria (p 888) 1 he nitrogen content of the plant substance when the 
sap has been expressed can be determined by heating the dried tissue with 
strong sulphuric acid and a trace of potassium permanganate All the nitrogen 
IS then converted into ammonium sulphate If the solution is diluted with 
excess of potash the ammoma can be driven off by heating If this is passed 
into a solution of weak acid, the total ammoma produced is found by titrating 
(pp 444 and 463) a measured volume of standard acid soluuon By weight 
fourteen-seventeenths of the ammoma is mtrogen Together with the mtrogen 
contained m the mtrates present m the sap, this is found to be eqmvalent to 
the mtrogen content of xht mtrates lost from the soil or culture medium m 
which a plant is grown If it is a leguminous plant this is only true when the 
medium contains no mtrogen-fixmg bacilh to infect the roots 

In 1834 the method of carbomzation which de Saussure used was adapted 
to large-scale agncultural mquines by Boussmgault, who made complete 
analytical estimates of the mtrogen supphed by the manure and present in 
the crop durmg vanous systems of rotation (p 888) This work was under- 
taken m association with the emment French analytical chemist, Dumas A 
few years later the results of new insight mto the food of plants were broad- 
cast by a book, which laid down the quantitative prmciples of crop husbandry 
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in the general statement ‘‘the crops on a field dimmish or increase m exact 
proportion to the diminution or increase of mineral substance conveyed to 
it in manure ” What Davy had vaguely, though eloquently, foreshadowed 
Liebig set forth with precision based on analysis of crop and soil in Chemistry 
in its Application to Agriculture and Physiology This book, says Prothero, 

traced the relations between the nutriuon of plants and the composition of the 
soil (It) revolutiomzed the attitude which agriculturists had maintained 

towards chemistry So great was the enthusiasm of coimtry gentlemen for 
Liebig and his discoveries, as popularized by men like Johnston and Voelcker, 
that the Royal Chemical Society of 1815 was largely founded by their efforts 
But if the new agriculture was bom in the laboratory of Giessen, it grew mto 
strength at the experimental station at Rothamsted To Sir John Lawes and 
his colleague Sir Henry Gilbert (himself a pupil of Liebig) farmers of to-day 
owe an mcalculable debt By then experiments, contmued for more than half 
a century, the mam principles of agricultural science were established, the 
objects, method, and effects of manurmg were ascertamed, the scientific bases 
for the rotation of crops were explained, and the results of food upon ammals 
in produemg meat, nulk, or manure were tested and defined On their work has 
been built the modern fabric of British agriculture With mcreased knowledge 
of the wants of plant or ammal hfe came the supply of new means to meet those 
requirements Artificial manure may be roughly distinguished from dung as 
purchased manures Of these fertilizing agencies, farmers m 1837 already knew 
soot, bones, salt, saltpetre, hoofs and horns, shoddy, and such substances a« 
marl, clay, lime, and chalk But they knew little or nothmg of mtrate of soda, 
of Peruvian guano, of superphosphates, kamit, muriate of potash, rape-dust, 
sulphate of ammoma, of basic slag Though mtrate of soda was introduced in 
1835, and experimentally employed m small quantities, it was in 1850 still 
a novelty The first cargo of Peruvian guano was consigned to a Liverpool 
merchant m 1835, but m 1841 it was still so httle known that only 1,700 tons 
were imported, six years later (1847) the importation amounted to 220,000 
tons Bones were begmnmg to be extensively used Their import value rose 
from £14,396 m 1823 to £254,600 m 1837 

THE BODY AS A MACHINE 

In newly ploughed fields of knowledge, self-evident principles spring up 
perennially The work of Home, of Boussingault and of Liebig was the signal 
for a fresh crop of weeds A world which had outgrown the slave mechames 
of antiquity was not yet ready to discard the slave-owmng ethic of Aristotle 
The old authority could be sustained if, and only if, scarcity of the essential 
means of human sadsfacuon could be remstated as a natural law Premom- 
tions of plenty first brought Malthus mto the field Malthus declared that 
food manufacture must always lag a step behind human fecundity Then 
came the astomshmg impertinence enshrined m the “law” of dimimshing 
returns The intrepid Ricardo asserted that nothing can force plant growth 
to keep pace with human industry Two systems for costmg resources for 
satisfymg common human needs were soon to compete m the open In dis- 
closing a new subsUtute for animal labour, science had furmshed new scope 
for investment, and factory technology had adopted horse-power as its 
current com Laboratory workers were now busy with the balance sheet of 
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food required for human effort and fuel (see pp 597 and 613-17) consumed 
by the steam engine, while the old axioms consecrated the banker’s balance- 
sheet of owner’s receipts 

The experiments of Crawford and of Lavoisier and Laplace (p 596) 
showed that the total energy production of the ammal body, measured as 
heat, is accompamed by oxidation of a defimte quanaty of food, just as the 



Fig 411 —Apparatus for Measuring the Oxygen Consumption of a Worm or 
Other Small Organism 

Ihe carbon dioxide produced by the organism is absorbed by the potash, and the 
change in Uie pressure recorded by the manometer is therefore due to tlie oxygen 
consumed The instrument can be cahbrated so that the actual volume ot oxygen 
taken m can be determmed 

total energy production of a steam- engme depends on the oxidauon- of a 
definite amount of fuel When a machine is generatmg both heat and move- 
ment we can express the total energy it is giving out either in (ergs) mechamcal 
umts or m heat units (calories) If the machme is a motor-bicyde, the total 
energy (heat and movement) is fixed by the amount of petrol consumed 
Whether it is used wastefuUy or economically from tlie point of view of the 
rider, depends on how much of it is used to produce heat without first pro- 
ducing mechamcal work When the engme is running m neutral gear, the 
engme itself does mechamcal work which does not result m mechamcal 
activity of the machine as a whole The moving parts generate heat by 
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friction with the surrounding air If the brakes are apphed petrol is used to 
heat up the nm of the wheel Even with the best management some of it is 
directly used to heat up the engme, as some of our food is used to keep our 
bodies warm Whatever happens the final result is the same The road surface 
or air around gets hotter, and this total heat gam is balanced by tlie quantity 
of petrol which would produce the same number of calones, if oxidized in 
any other way 

Meanwhile other changes occur m its environment While it is working the 
engine must be supphed with oxygen, which it gets from the air itself It is 
also discharging carbon dioxide and water vapour together with a certain 
amount of soot due to mcomplete combustion Its activity is therefore 
accompamed by a process essentially like respiration 

In this, matter is neither gained nor lost The material balance sheet 
will show on the credit side the weight of petrol consumed and the weight of 
oxygen lost by the air The debit side wiU include the weight of carbon 
dioxide and moisture gained by the air together with the weight of soot 
excreted If it is diflScult to empty the petrol tank, we can get the petrol con- 
sumed by weighing the machine before and after the trial period If all the 
petrol put m the tank is placed on the credit side, we must add the increased 
weight of the machine to the debit side The total of one side is the same as 
the total of the other, and the same is true of the analogous balance sheet, 
which we can draw up for human nutntion, respiration, and excretion On 
the credit side we have to reckon with food, dnnk, and oxygen On the debit 
side we put the carbon dioxide and water excreted together with any gain of 
body-weight resulting from the fact that some of the food has been retained 
for growth A typical balance sheet of an ordinary man weighing ten stone, 
when supphed v/ith food for one day in an air-tight chamber, is given by 
Haldane and Huxley On the credit side it shows — 

Food 1 1 kilos (60 per cent water) 

Drink . • , .16 kilos 

Oxygen, 600 litres or . 0 7 kilo 

This makes a total of 3 30 kilograms On the debit side we have to reckon 
with the fact that he excretes durmg the same period 1 3 kilos of water and 
70 grams of solids in his urine He loses 1 1 kilos of water by evaporation 
from the skin as sweat He loses 425 litres of carbon dioxide or 0 82 kilo, 
making m all a net loss of 3 29 kilos The difference of 10 grams represents 
exactly what he has gained in body-weight at the end of the experiment 
The carbon dioxide that appears is equivalent to that which would be formed 
by the same amount of food (allowmg for what is retained for growth) if burnt 
in a flask 

If a human being — or a frog — is placed, like Lavoisier’s man, m a heat- 
proof box or calorimeter, the effect of any movements he may execute is to 
generate additional heat by friction with the surrounding atmosphere, and 
all the energy he releases will appear on the balance sheet of energy as an 
increase of heat in the calorimeter When this expenment is performed, two 
things are found The amount of energy expended is defimtely related to the 
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oxygen taken m and the carbon dioxide given off In addmon, the amount of 
energy generated during the same period is equivalent to the heat which 
would be generated by combustion of the quantity of food consumed if it 
were burnt in another calorimeter In one experiment a corresponding balance 
sheet for the energy expenditure of Haldane’s ten-stone man over the same 
period was drawn up somewhat as follows Burnt outside the body, the same 
amount of food as he takes would 5 aeld 2,400 kilocalories The total heat 
lost by the body during the period of experiment bemg 2,190 kilocalories, 
the difference includes a deficiency, due to incomplete oxidation of food It 
can be proved from analysis of the excreta to be equivalent to 150 kilocalories, 
leaving only 60 kilocalones to account for. This represents the increased 
potential energy of the body due to stored materials which appeared m the 
previous balance sheet as increased weight 

Thus the two great mechanical pnnciples called the conservation of energy 
and the conservation of matter both apply to all man-made contrivances and 
all physical phenomena That is why it is right and proper to speak of the 
living machine We call a dynamo, a water-mill, a steam-engine, and a motor- 
bicycle machines because they transform energy m accordance with certain 
defimte rules, which are known as the laws of Energetics We caU a frog or 
man a living machine because it transforms one form of energy mto o±er 
forms of energy in accordance with the same rules 

The fuel of the animal body is supplied by carbon compounds in its food 
This IS either derived directly from the green plants on which it feeds or, if it 
is carnivorous, from the tissues of herbivorous animals Whichever happens 
Its ultimate source is the same The plant builds up its complex carbon 
compounds from the carbon dioxide of the air and the water of the soil 
Since oxygen is given off by green plants in sunlight the reaction involved 
m this process of carbon assimilation or photosynthesis is a reduction reaction 
Plant tissues also oxidize these products m the process of growth The parts 
which are not green (e g roots) give off carbon dioxide at all times The 
green parts do so in the dark, and may be inferred to be doing so in light, 
when the umversal process of respiration is masked by the simultaneous 
occurrence of carbon assimilation Respiration is essentially a combustion 
The complex carbon compounds oxidized in respiration give up energy 
The reduction reaction of photosynthesis must therefore be regarded as one 
in which energy is stored up at the expense of the sun's store Thus solar 
radiation is the basis of all the activities of living creatures 

In addition to fuel an engine needs spare parts The animal and plant 
body contain nitrogen and need mtrogen for the continual repairing process 
which IS called growth The plant ordinarily gets this from mtrates which 
are formed by the decomposition of ammal excreta and from plant and 
animal remains Except in so far as the soil is renewed by mtrogen-fixing 
bacteria the mtrogen content part of the plant and ammal body circulates 
from one to the other and back again The first important step towards 
broadening the study of ammal nutrition to include the mtrogen intake arose 
in connexion with the pioneer researches of Boussingault on soil nitrogen 
and manures 

Besides making an inventory of the mtrogen content of crops, soils, and 
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manures m crop rotation, Boussmgault (1839) also made farm experiments 
on the relauon between cattle food and excreta He determmed the amounts 
of carbon, hydrogen, oxygen, and mtrogen m a milch cow’s fodder, and 
measured how much of each is lost m the urine, faeces, and milk His experi- 
ments showed that about 2 per cent of the food was nitrogen, and of all the 
mtrogen taken in as food, seven-eighths was excreted, one-eighth being 
retained Similar experiments were carried out by Liebig on a company of 
the Grand Ducal Guards of Hesse Darmstadt 
Liebig’s name is associated with the first patent fertihzer and the first 
patent food (‘‘Liebig’s Extract of Meat”) Though neither of them were 
very successful, they point to the close connexion between the physiology 
of nutrition and the rise of chemical manufacture Till the publication of 
Liebig’s treatise on chemistry apphed to agriculture little was known about 
the chemical characteristics of food In it the three principal classes of 
“organic” materials which made up the bulk of the dry matter of an ammal 
or plant were first distinguished as fats, carbohydrates , and proteins Their 
general characteristics have been stated already The fats contain carbon, 
hydrogen, and oxygen Most of them are simple esters of higher fatty acids 
and the alcohol glycerine In a small class, the lecithins (abundant in egg 
yolk), phosphoric acid, and nitrogenous bases, as well as fatty acids go to 
make up the molecule The carbohydrates arc the simple sugars and more 
complex substances built up of simple sugar molecules (e g starch, cellulose) 
They only contain carbon, hydrogen, and oxygen The proteins are highly 
complex, being built up mainly of ammo acids They therefore always 
contam in addition to the three elements of carbohydrates a large amount 
of mtrogen Some contam sulphur and phosphorus 
The approximate mean percentage composiuon of the different classes of 
food substances is as follows 



Carbon 

Hydrogen 

Ox>gen 

Nitrogen 

Sulphur 

Fats 

77 

11 5 

11 5 



Carbohydrate 

44 

6 

! 50 


— 

Protem 

62 

7 

1 21 

1 

' j 

1 


Only two common articles of food, dripping (100 per cent fat) and cane- 
sugar (100 per cent carbohydrate), belong exclusively to one of these three 
major groups of orgamc compounds Dried white of egg is almost pure 
protem The fresh egg albumen contains a large proportion of water All 
fresh hvmg matter from the Archbishop of Canterbury to the jellyfish 
contams at least 60 per cent of water The relative proportions of the three 
classes of orgamc compounds which make up the overwhelmmg bulk of dry 
matter may be judged from the table given on p 906 It gives the proportions 
m which these mam constituents occur m some common articles of human 
diet, together with the energy content determined by combustion in the 
laboratory 

Liebig’s close relation to the needs of chemical industry gave his work 
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an mfluenual position m continental science He founded an important 
scientific journd in which Mayer’s paper on the “Conservation of Energy” 
was pubhshed, and made himself the leader of a vigorous school of work 
Like Davy, Faraday, Tyndall, Huxley, and many other prominent leaders of 
science durmg the period when experimental science was establishmg the 
high prestige to which it has now attamed, he also devoted himself to popular 
expositions which he wrote with compelling passion for his subject, 

for the especial purpose of excitmg the attention of governments and an 
enlightened pubhc, to the necessity of estabhshmg Schools of Chemistry, and 
of promotmg a science so mtimately connected with the arts, pursmts, and social 
well-bemg of modem civilized nations 

1 hough a German he contnved to express himself m terse and luad diction 
There is sometimes a homely charm m his wntmg, as when he expresses 
the hope that his book “may serve to make new fnends to our beautiful and 
useful science ” 


Food 

Water, 
per cent 

Protein, 
per cent 

Carbohydrate, 
per cent 

Fat, 

per cent 

Calorics, 
per lb 

Lean Beef 

bO 

21 9 


7 3 

715 

Breast ol Chicken 

74 

24 6 

— 

0 2 

466 

Lean Bacon 

56 

21 5 

— 

5 9 

649 

Eggs 

74 

12 3 

— 

11 3 

734 

Herrmg 

68 

18 6 

— 

10 9 

806 

Salmon 

64 

18 6 

— 

15 8 

1,012 

Margarmc 

14 

— 

— 

84 3 

3,55(> 

Butter 

14 

— 

— 

81 6 

3,442 

Brazil Nuts 

1 6 

13 2 

8 1 

70 4 

3,3GG 

Chocolate 

1 0 

4 8 

50 9 ; 

31 1 

2,515 

C heddar Cheese 

54 

27 2 

— 

33 4 

1,939 

Milk 

88 

1 3 

4 8 

3 6 

303 

Honey 

IS 

0 4 

71 4 

— 

1,290 

Broad Beans 

()6 

9 4 

cc 

0 4 

616 

Brown Bread 

44 

7 5 

45 8 

0 1 

996 

Boiled Potatoes 

81 

1 9 

16 0 

— 

334 

Stoned Prunes 

28 

1 0 

40 4 

0 3 

820 

Apples 

84 

0 3 

12 5 

0 2 

24G 

Plum Jam 

24 

0 2 

70 0 

— 

1,306 

Cabbage 

93 

1 4 

4 5 

0 1 

114 


CARBON ASSIMILATION IN THE GREEN PLANT 

During the nineteenth century the pursuit of medicine was stimulated 
m turn by the growth of commercial horucuiture, the sale of fertilizers, food 
preservauon, and the manufacture of wines Liebig’s work on fertilizers and 
his imtiaave m produemg the first marketable patent food mfused new 
vigour into the study of animal and plant nutntion, and the school of workers 
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associated with him has not yet ceased to exert its influence Before Liebig’s 
time little was known about the way in which carbon dioxide and water 
are used to build up the organic materials of the plant, and apart from 
Spallanzam’s observation that the gastric juice secreted by the walls of the 
stomach dissolves meat, nothing of importance about the changes which the 
food undergoes m the gut had been found out His studies on the nature 
of foodstuffs therefore laid the foundations of new enquiries mto carbon 
assimilation and ammal digestion 

By far tne largest orgamc consutuent of plants is the complex carbohydrate 
cellulose Every cell of a plant is enclosed in a wall of cellulose, and the thick 
walls of the wood vessels up which the sap ascends have the same composition 
So wood pulp IS almost exclusively made of cellulose, as is also cotton 
fibre The cell contents of most green plants contain granules of starch, 
another complex carbohydrate, which like cellulose can be broken down mto 
simple sugars by prolonged boilmg with mineral acid or alkali These granules, 
easily seen in a thm shce of potato or a fragment of a liverwort when examined 
with a microscope, were noUced by the first microscopists 

The improvement of the compound microscope early in the nineteenth 
century brought new information about the orgamzation of plant cells and 
the mmute structure of leaves, where experiment shows that the bulk of 
carbon dioxide uptake occurs Microscopic sections across a leaf (Fig 432) 
show that It IS a spongy mass of thin-walled green cells penetrated at intervals 
by the woody vessels of the so-called vems and enclosed m a pellicle (or 
epidermis) of thick-walled colourless cells The epidermis is studded with 
fine pores {stomata) which are usually confined to the lower surface of the 
leaf and are surroimded by a hp of two cells which are green hke ±ose within 
In darkness the two cells which form the hps of the pore shrink, and he 
slackly together, closing the onfice In bright hght they swell and separate, 
so that the porous mass of green cells below the epidermis commumcates 
freely with the air 

Thus the structure of a leaf is arranged so that the green cells are in free 
commumcation with the air from which the plant removes carbon dioxide 
in hght They are usually more or less cut off from the air in darkness, when 
experiment shows that the rate of evaporation from the leaves is reduced, 
and no CO 2 is taken up This suggests that the green cells are directly con- 
nected with the use of water in manufacturing orgamc compounds 

How to test this m a simple way is suggested by another microscopic observa- 
tion In hght the green cells contam starch granules which disappear in 
darkness Starch is very easily recogmzed by the faa that it imparts a 
deep blue tint to a solution of iodine and potassium iodide If part of a 
leaf which has been kept m darkness for a few hours is covered with unfoil, 
and then exposed for a short period (e g an hour) to bright hght, soaking 
the leaf in an iodine solution shows that starch is only formed m the 
green cells when they are illuminated The exposed parts are then stamed 
deep blue and the covered part is not You can, m fact, use the leaf as a sort of 
photographic plate, and “develop” an image The lodme test also shows that 
vanegated leaves which present a mosaic of white and green areas only 
develop starch m the green parts Hence the green colourmg matter called 
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chlorophyll, which can be extracted from a leaf if it is soaked m alcohol, plays 
an essential part in the process of building up carbohydrate from carbon 
dioxide and water 

Photography depends on the fact that some silver salts undergo a chemical 
change in light, )ust as other chemical changes can be accomplished by 
heating or the application of electricity Carbon assimilation m the green 
plant belongs in this sense to the same class of “photochemical reacaons ” 


chloro- 

pLasts 



upper 

epidermis 


vascular hundle 
or “vem” 


stomata, 


space 


lower 
epidermis 


Fig 432 — ^Diagrammatic View of the Microscopic Anatomy of a Typical Leaf 


The leaf consists mostly of a spongy mass of cells contaming chlorophyll in small round 
corpuscles called chloroplasts There are capacious air spaces which permit evaporation 
and circulation of carbon dioxide and oxygen within the inner mass of cells They are 
enclosed between an upper and lower layer of thick-waJled cells like the epidermis of 
the stem On the under surface of tlie leaf there are pores called stomata guarded by 
sausage-shaped cells, which swell in ceitain conditions and especially m the hght 
Owing to the unequal thickening of their walls, this swellmg forces the lips of the pore 
apart, so that water can freely evaporate from the underlying cells, thus drawmg up 
sap from the veins, while carbon dioxide can freely enter and oxygen escape from the 
air spaces In darluiess the pores are usually closed, and the starch-formmg cells of 
the spongy interior are protected from water loss With the exception of the cells 
which guard the air pores on the lower side of the leaf, tliose of the epidermis do not 
contain chloiophyll 


Chlorophyll may also be compared to the soot used to blacken the bulb of a 
thermometer for detecting infra-red rays It “absorbs” light and by so doing 
makes solar radiation available for buildmg up complex orgamc matter which 
bberates heat when broken down into its original constituents Thus the coal 
mines and the oil wells of the world are, metaphorically speaking, stores of solar 
radiation Solar radiation is therefore the basis of household fuel and of all 
heat engines Hitherto man has used solar energy stored up in dead orgamc 
residues We now see that it is not necessary to wait for geological epochs to 
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convert solar radiation into sources of warmth or power Yeast converts sugar 
into alcohol which can be used as food for an internal combustion engine or 
for a methylated spirit burner 

Starch is continually turned back into sugar m the green plant,* and, dis- 
solved in that form, diffuses from the leaves to other regions of the plant. 
That IS why it disappears from the leaf in darkness Most green plants manu- 
facture starch m the leaves and store their carbohydrates for use m that form 
A few, like the sugar-cane and the beet, store it in the form of cane-sugar In 
the tubers of Jerusalem artichoke, the dahlia, and a few other plants granules 
of another complex carbohydrate called tnuhn are stored Starch hydrolysis 
produces glucose Inuhn breaks up more easily with the formation of fructose, 
which IS also a simple sugar, sweeter than glucose or cane-sugar The mole- 
cule of the latter is built up from the combination of one molecule of glucose 
and one molecule of fructose As compared with cane-sugar or glucose, 
fructose is very slowly absorbed and can be used with safety by diabetics 
It is now bemg produced m Iowa from Jerusalem artichokes This plant 
grows with an astonishing rapidity, which calls attention to the inefficiency 
of present methods for producing sugar An economical biotechnology would 
aim at stonng solar radiation as quickly as possible with as httle waste and 
effort as possible By growing plants hke beet which store carbohydrate ready 
for use there is a large source of waste both in effort and materials Since we 
cannot digest cellulose we now waste all the solar radiation indirectly em- 
ployed in converting sugar into cellulose m our agricultural produce As the 
word pay is used by scientific workers, in contradistinction to bankers, it 
would pay us to domesucate cellulose-sphtting micro-orgamsms which can 
convert cellulose mto sugar or alcohol as sources of fuel for the human body 
or the internal combustion engme 

DIGESTION 

Liebig’s distmction between the three mam classes of organic compounds 
m the body of the plant or ammal opened the door to new researches into 
the nature of human digestion and the food requirements of a healthy person 
The focus of these new enquines was a discovery made by the French physio- 
logist, Claude Bernard, who discovered the significance of a peculiar feature 
of the circulation m vertebrate ammals In man and in all vertebrates the 
vein which takes away blood from the gut does not ;oin up directly with the 
main veins which take blood back to the heart It breaks up again in the 
capillaries of the liver So all blood from the gut passes first to the liver 
before joimng the general circulation Comparative tissue analysis following 
on the work of Liebig’s school showed that the liver of a well-fed animal 
contams a large store of the ammal starch called glycogen In the hver of a 
starved ammal there is scarcely a trace of it Claude Bernard found that the 
glycogen content of the hver goes up soon after a meal, and then goes down 
before the next meal The vertebrate stores starch in its hver just as the 
potato plant stores starch in its tuber 

* The carbohydrate first formed as a result of photosynthesis appears to be a hexose 
(sugar), which is then turned mto starch for temporary storage in the leaves 
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New knowledge of the chemistry of hving matter now made it possible 
to study the fate of the foodstulfs in the animal body with some hope of 
success With the exception of the sugars^ all these essential constituents of 
the orgamc matter of the anim al or plant body are cither, like the fats, quite 
insoluble m water, or, like the proteins and starches, soluble but mcapable 
of passmg through animal or vegetable membranes (eg parchment) as a 
solution of common salt diffuses through them. Their molecules are too 
large. So before the food eaten by an animal can get through its tissues to its 
destination, it must undergo certam changes This process is known as 
digesuon Under the mcentive of Liebig’s agncultural chemistry the study 
of digestion became a foremost topic of medical research What we know 
about it has mainly been found out by work on man’s nearest alhes to which 
the foUowmg account apphes 

From the mouth the food of man or of any other vertebrate animal passes 
mto a wmdmg tube which termmates m a second opemng to the extenor, 
the anus^ situated dorsally where the legs are )omed to the body. This tube, 
known as the alimentary canals or gut (Fig 388), has everywhere muscular 
walls, an inner layer of muscle fibres arranged circle-wise, and an outer 
coat with a lengthwise arrangement The slow, rhythmical movements of 
these muscles help to chum the food, and squeeze it along the ahment^y 
canal to the anus The inner wall of the gut is lined with a layer of cells which 
for a great part of its course consists of secretmg cells and is folded m pits The 
first part of the tube, called the oesophagusy or gullet, opens mto a capaaous 
bag This bag, the stomach, leads mto a narrower tube, the mtestme The 
mtestme of vertebrates has two distma portions, one narrower, called the 
small intesiincy and the other wider, called the large intestine. Its final part, 
the rectumy commumcates with the extenor by the anus 

In Its passage along the alimentary canal human food encoimters the vanous 
)uices secreted by different parts of the walls of the digestive tract, and also 
the secretions of two larger glands, the hver and pancreas, which open by a 
common duct mto the small mtestme near its antenor end These digesuve 
juices con tarn substances, known as which act on the complex orgamc 

constituents of the food, turmng them mto compounds sufficiently simple to 
diffuse through the walls of the mtestme or suffiaently simple for the cells 
of the body to build them up mto other substances as these may be reqmred 
An example fanuhar to most people, owmg to its commeraal use, is the 
renriin of the gastric jmee Apart from the fact that they are all denved from 
living orgamsms, it is difficult to fix on any single charactenstic which will 
differentiate enzymes from all other types of catalysts At present their 
chemical constitution is unknown Surprismgly small quantiaes of enzyme 
are efficacious Rennet, the gastnc jmee extract employed domestically for 
the preparation of junkets and commercially on a large scale m the manu- 
facture of cheese, is able to clot 400,000 times its own weight of the milk 
protem caseinogen Even this figure gives an imperfect picture of the pro- 
digious acuvity of the enzyme The active constimcnt is very small m pro- 
portion to the bulk of the extract 

The first digestive jmee to act on human food is the sahva secreted by 
glands which he beneath the muscles of the tongue and cheek, disrharg in g by 
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fine ducts into the cavity of the mouth The sahva contams an ea2yme which 
acts on starch, converting it into the complex sugar of malt extract (maltose) 
The secretion of the stomach or gastric juice contains free hydrochloric acid 
It also contams an enzyme pepsin which breaks down complex protems, like 
albumen, mto very simple protems that are called peptones It has no action 
on the starchy or fatty constituents of the food The bile or secretion of the 
liver does not contain a digestive enzyme It contains excretory matter m 
the form of certam pigments together with alkahne salts which neutralize 
the acidity of the gastric juice and greatly faalitate the emulsification 
of fats 

The pancreas or sweetbread is the chief digestive gland Its secretion con- 
tams three important enzymes One called amylase breaks down starch or 
dextrm mto malt sugar A second called trypsin can break down proteins into 
the orgamc ‘^ammo” aads of winch the protein molecule is built up It thus 
cames protem digestion a stage farther than is reached m the stomach A 
third called lipase breaks up fat mto fatty acid and glycerol The intestinal 
jmee secreted by the glandular walls of the small intestine also contams 
enzymes, one called erepsin which acts on the final stages of protem decom- 
position, completmg the work of the pancreatic juice, and a senes of others 
which act on the complex sugars like malt sugar, converting them into simple 
sugars The digestive tract of man does not contain any enzyme that breaks 
down cellulose Some cellulose is broken down by bacteria m the large in- 
testme, and is wasted This is a very strong argument against an exclusively 
vegetanan diet Another objection to vegetanamsm is that the cellulose 
wall of plant cells makes them much less accessible to the action of the 
digestive jmces than ammal tissues 

Any undigested or indigestible matter eventually passes out of the body, 
along with the bile pigments that confer its characteristic colour, as facies 
In the small mtestme the starches have all been absorbed as sugar by the fine 
blood vessels beneath its Immg The protems have been broken down mto the 
diffusible substances known as ammo-aads (p 622) and travel to the tissues 
by the same route. All the blood retummg from the alimentary tract passes 
through the capillary network of the liver en route for the heart The glycogen- 
stonng activity of the liver is its most important role in the economy of the 
body The products of fat digestion on the other hand are taken up by the 
cells of the hnmg of the small mtestme, and given up m turn to the under- 
lymg tissue spaces The lymph spaces m the absorptive wall of the intestine, 
known as lacteals^ commumcate with a well-defined channel, the thoracic 
ducty which opens into a jugular vein The lacteals are so called because after 
a meal of fatty constituents they are found to be gorged with droplets of fat, 
and it seems that the bulk of the fatty portion of the food is absorbed into 
the circulation by this indirect route In the course of the lymph spaces there 
occur masses of dividmg cells which are manufacturing new white blood 
corpuscles These are spoken of as lymph glands^ and are usually enlarged m 
inflammatory conditions The tonsils arc large lymph glands The red blood 
corpuscles are manufactured m the bone marrow 

The bulk of the heat production in man and his nearest allies results from 
the oxidation of carbohydrates stored as glycogen m the Uver and muscles, 
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and also of fats Thus most of the nitrogenous material of the food consumed 
by a full-grown ammal is waste matter The body can convert the products of 
protein digestion into carbohydrates by removal of the mtrogenous portion 
in the form of materials such as urea, CO(NHo)2 These are eliminated 
from the body in the urine The urine is produced by two bodies known as the 
kidneys, which commumcate with the cloaca by tubes known as the ureters 
(Fig 397) Each kidney is a flattened ellipsoidal structure with a small cavity 
continuous with the canal of the ureter Into this cavity open innumerable 
closely packed tubules of glandular structure which make up the substance 
of the kidney These tubules terminate m a flash-shaped swelling whose walls 
are invaginated to receive a tuft of small blood vessels, this portion being 
called the Malpighian body, or capsule, after Malpighi (1G28-1694), one 
of the earliest microscopists In man and most mammals the ureters open into 
a capacious receptacle with muscular walls, the bladder This commumcates 
with the exterior by a duct called the urethra^ separately m the female and 
along with the male generative ducts in the male 


THE MINERAL NEEDS OF THE LIVING MACHINE 

In addition to the three classes of organic materials called carbohydrates, 
fats, and proteins, the body of plants and animals contains various mineral 
salts dissolved in the tissue fluids, such as the cell sap of plants, the blood, 
and the lymph or clear fluid in the body cavities of animals The mmeral 
needs of the body may be divided under two headings First come elements 
which enter into the composition of the organic materials Thus most protems 
contain sulphur Many contain phosphorus Haemoglobin contains iron 
Haemocyamn, the corresponding blue respiratory pigment of lobsters and 
snails, contains copper The plant gets sulphur and phosphorus as it gets the 
nitrogen necessary to build up the protein molecule from mineral salts 
(sulphates or phosphates) Animals get their proteins ready made So the 
supply of sulphur and phosphorus is usually adequate if the mtrogenous 
content of the diet is sufficient 

Magnesium is specifically necessary for the green plant because chlorophyll 
IS an organic magnesium compound In vertebrate animals (fishes, reptiles, 
birds, and mammals) the thyroid gland in the neck manufactures an organic 
compound of which the molecule contains iodine (see p 853) On this 
account iodine is essential to healthy growth Iodine is not present m appre- 
ciable quantities in other ammal tissues For plants and invertebrates it does 
not seem to be an essential element, though it is present in seaweeds Near the 
sea the quantities present in salt carried by the breeze ensures a supply 
adequate to animal needs Some inland and mountainous districts of Europe 
and America have a very low soil iodine content Thyroid deficiency diseases 
(goitre, cretinism, etc ) of human beings and livestock are therefore endemic 
This IS remediable by a very small addmon of iodine to the diet In Switzer- 
land the State provides iodized table salt, the necessary iodine content of 
which need not be greater than one-millionth of an ounce per daily salt 
ration of a single person Iodized rations are also recommended for inland 
hog rearmg, because the pig is very liable to lodme starvation if the sod 
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iodine content is low The essential secreuon of the thyroid gland is a 
crystalline compound contaimng 23 2 per cent carbon^ 1 4 per cent hydrogen, 
1 8 per cent nitrogen, and 65 4 per cent lodme 

A second class of mineral food constituents includes those which appear 
to exist as salts in the tissue fluids and sap These include the chlorides of 
several metals, notably sodium, potassium, calcium, and magnesium Sodium 
does not appear to be essential to plants Potassium, calcium, and magnesium 
are all essential to them Which species flourish in different soils under 
similar chmatic conditions is very largely affected by their relauve suscepti- 
bihty to a low local content of one or the other The addition of a relatively 
small dressing of the appropriate salt is an important part of the technique 
of modern soil husbandry 

Potassium and calcium are essential to the life of all cells This can be 
illustrated m a very spectacular way (Fig 433) by perfvismg the heart with a 
mixed solution of salts m roughly the same concentration as they occur m the 
blood When a frog’s heart is removed from the body it empties itself of blood, 
and m a few seconds stops beating If a glass tube is inserted into the mam 
venous orifice so that it can be supphed with a suitable solution of salts of 
the three essential metals, it at once begms to beat vigorously and will con- 
tinue to do so for several hours The mixture used is composed of the chlorides 
of sodium (6 parts per thousand by weight) and potassium and calcium 
(1^ parts per ten thousand by weight) together with a httle sodium bicar- 
bonate or phosphate to make it shghtly alkalme If the perfusion fluid is 
replaced by a mixture from which either the calcium or potassium is omitted 
the heart-beat comes to a standstill This happens almost instantaneously 
if no calcium is supphed After being stopped in this way, the beat resumes 
almost at once when the heart is supphed with the original mixture If the 
solution contams a httle sugar the isolated heart can be made to beat^ for 
several weeks Otherwise it gradually uses up its food reserves, and then 
ceases to be able to work The same results can be obtained with the sheep’s 
heart, which can also be made to go on working outside the body for at 
least three weeks, provided the temperature of the fluid is kept near blood 
heat, 1 e about 36 "" C For prolonged experiments of this kind a trace of 
magnesium is necessary Lately it has been shown that small traces of man- 
ganese may be essential to fertihty m mammals It is not yet known how it is 
used Manganese is also necessary to many plants 

Animals are not liable to magnesium deficiency since all green plants 
contain an abundance of magnesium for their needs On the other hand, 
plants which grow on soils with a low lime content may contain a relatively 
small amount of calcium Hence herbivorous animals like the pig, which is 
highly susceptible to calcium deficiency, are liable to various diseases (especi- 
ally rickets) unless lime fertilizers are applied to the soil or an extra calcium 
ration is given The figure already cited with reference to iodine illustrates 
the general principle that a soil defiaency which might completely exclude the 
possibihty of successful livestock husbandry can often be remedied at a 
neghgible cost The provision of suitable mineral rations or soil dressmgs 
IS one way in which advancing biological knowledge is making it possible to 
break down the natural limitations of locahty 
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According to the doctrine of free trade as set forth in Tom Paine’s Rights 
of Marly It used to be accepted as an axiom that regions which produce par- 
ticular products produce them because they are inherently adapted to do so 
This behef, like the Ricardian supersuuon^ is based on the impliat assump- 
tion that biologists will never be able to find out how it happens that thmgs 
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Fig — Set-Up of Experiment to Show the Dependence of the Heart-Beat 

ON Metalug Ions 


A frog’s heart will continue to beat for many hours if supphed with a solution contain- 
ing the same metalhc ions (sodium, potassium, calcium, and magnesium) as blood in 
the same proportions By means of the taps A and B the heart can be alternately 
perfused with a salme mixture of the proper composmon and a sahne mixture from 
which one constituent lias been left out or added m excess 1 he figure shows how 
the heart-beat stops when the heart is perfused with a calaum free fluid, and how it 
starts to beat normally when the proper saline is supplied once more A sheep’s heart 
can also be kept beating m the same way, but the fluid must be kept about body 
temperature 


grow in one place and do not grow m another, what makes them grow best, 
and how they can be induced to grow at all There are innumerable limitmg 
factors to growth If any one of them is lackmg successful husbandry of 
crop or stock is impossible It may happen that the lack of one of them can 
be remedied at a tnflmg outlay, when other contnbutory agencies are 
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Specially propitious to success For instance, a plant admirably adapted for 
foliage or root growth and fruit ripening m England may not ordmarily 
grow there, because the seedlmgs are susceptible to early frost If we know 
this, It may be less wasteful to let the seeds germmate under glass than to 
import the final product from Honolulu As with chemistry so with biology, 
more scientific toowledge means less dependence on nature’s ready-made 
amemties 

VITAMINS 

Early work on nutnnon belongs to the same socxal context as the experi- 
ments of Watt on horses The human body was first studied as a machme 
for domg work Its food requirements were mvestigated fiom the standpomt 
of energy transformed m short periods of work or rest without regard to a 
long-range view of national well-bemg This limitation of outlook was a 
proper corollary to the sentiments of the prosperous classes m the first stage 
of mdustrial capitahsm, when the worker was called a “hand ” The balance 
sheet of food consumption, respiration, excretion, and energy production m 
experiments of short duration did not show any discrepancies beyond the 
range of experimental error, and the lesson of scurvy had been long for- 
gotten when the modem study of nutrition began Till recently it was there- 
fore thought that the three mam classes of foodstuffs supplemented by traces 
of the reqmsite mmeral salts mclude all the essentials of a healthy diet 

The advance of knowledge has now got beyond the physiology of the worker 
as handy and is beginning to tell us something about the nutritional needs of 
the worker as atizen In the first decade of the present century the chemistry 
of foodstuffs had progressed so far that it was possible to cany out more exact 
observations by feedmg animals on diets of chemically pure protem, fat, ind 
carbohydrate The animals reared on such diets refused to grow, though they 
thrived if comparatively small traces of natural foods were added. Further 
research showed that different symptoms of disorders produced by exclusive 
feedmg on such purified rations could be eliminated by the addition of small 
quantities of ordinary articles of food.. So it has been possible to distinguish 
dijferent “accessory food faaors,” the absence of any one of which is asso- 
aated with a particular defect 

Genencally these substances have been called vitamms The name does not 
mean that they have anythmg m common besides the fact that they do 
not belong to the classes of diet constituents previously beheved to be all- 
mclusive, the fact that the reqmsite quantities are very small, that they all 
appear to be orgamc compounds, and that their chemical constitution was 
unknown when the word was first mtroduced The chemical constitution 
of several of them is now known, some can be synthesized and others will be 
synthesized m the near future Research along these hues was encouraged by 
the conditions of food shortage durmg the European war of 1914-18 when 
“nutritional” diseases like scurvy and rickets came mto prommence 

Scurvy is due to the absence of a comparatively simple substance m the 
diet It 1 $ ascorbic acid Before its chemical nature had been detenmned it was 
called “vitamm C.” Ascorbic aad has the formula CgHgOg It has alcohohe 
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and ketone characteristics on account of four OH and one CO radicles m 
the molecule It is present m most fresh fruit and m many vegetables, especi- 
ally in oranges, lemons, black currants, green leaves, and potatoes Since its 
molecular constitution has been discovered, its commercial manufacture from 
glucose has been started 

Calciferol, with the formula C28H43OH, is one of the known forms of 
another vitamm, “D ** It is produced by the action of ultra-violet light on 
another alcohol called ergosterol Ergosterol has the same formula C28H4gOH 
with a different mternal arrangement of the atoms in its molecule The exact 
chemical constitution of both substances is now known Various fish hver 
oils contam another form of vitamm D whose formula is C27H440H So also 
does butter fat The D content of the husks of ripe cocoa beans is high, and 
the latter can be used in cattle feedmg to raise the D content of the milk 
The absence of D is responsible for the deficiency disease called rickets, 
still common among the poorer section of the population Rickets can be 
cured and, of course, prevented by admimstermg any form of vitamm D, or 
by exposure to ultra-violet radiation from mtense sunlight or a mercury 
vapour lamp The exposure leads to the production of D m the skm from pro- 
vitamins such as ergosterol Rickets is a deficiency disease affectmg especially 
bone and tooth development m children They are especially prone to it if 
brought up m dmgy dwellmgs and sunless aties, unless the lack of ultra- 
violet light m their normal environment is counterbalanced by a diet con- 
taining excess of D, that is to say a diet with plenty of fresh eggs, summer 
milk and butter with preferably, to make sure, some fish hver oil or calciferol 
preparation Pigs are also liable to get nckets Modem pig-breeders take special 
precautions to avoid this In Scandinavian countnes glass which transmits 
ultra-violet hght is used for the wmdows of pig-styes. There has been more 
progress m the education of Damsh pig-breedcrs than m the education of 
British pohticians 

Scurvy and rickets are the chief diet “deficiency” diseases which have 
attracted attention m the West There are several others Apparently the 
animal body needs a substance which is abundant m the husk but not m the 
grain of plant seeds like cereals Its absence produces severe muscular weak- 
ness, especially m birds A similar condition m human beings is the disease 
called “ben-ben” to which Japanese peasants who live largely on a diet of 
polished rice are hable This is because removal of the husk removes “vita- 
min Bj” Beri-beri can be cured by the administration of smtable extracts 
made from these husks, from wheat germ or from yeast The active chemical 
constituent, now called aneurin, is an orgamc compound of which the hydro- 
chloride has the formula C12H47O N4S Cl To keep ammals healthy on diets 
of pure proteins, fats, carbohydrates, and mmeral salts it is essential to add 
various other substances like the above m mmute quantities One of these, 
called vitamm A, is present along with D in butter fat, egg yolk, and cod- 
liver oil, especially m tlie first two It is also an alcohol with the formula 
C20H29OH, chemically related to the plant pigment carotin The animal 
body can convert the latter mto A If the diet is defiaent m A, or m carotm 
its pro-vitamm, animals show general habihty to bacterial infections, and 
an adequate minimum seems to help resistance to diseases hke colds 
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and influenza Lack of nicotinic -acid (C 4 H 4 NCOOH )3 present with 
aneunn m yeasty as also in pork flesh and in hver, is responsible 
for pellagra^ a disease of the digestive system and skin The com- 
position of what IS now called vitamin E, present in cereal oils and green 
leaves, especially lettuce, is not yet known If it is absent complete sterility 
results from degeneration of the testis m the male and resorption of early 
embryos m the female 

A supply of fresh butter and green vegetables or fresh eggs ensures the 
presence of sufficient vitamms to meet the requirements of healthy growth 
A hberal allowance of milk keeps up an adequate supply of calcium, and of 
B 2 If the mineral and vitamm content of a diet are safeguarded by this 
means, or by recourse to the use of pure chemicals such as calciferol or 
carotin, a diet of soya beans can supply all that is necessary for the physical 
requirements of a human being While wheat, barley, and nee appear 
to be adequate as sources of protems, maize is not The reason for this is 
that digestion of maize protein does not yield one of the ammo acids (trypto- 
phane), which IS an essential constituent of protems in the animal body 

Biological knowledge is now approaching the stage at which it will be 
possible to specify all the necessary constituents of a plant or ammal diet com- 
posed of chemical pure substances The result is that a totally new attitude 
to husbandry is emerging On the one hand we can plan for an irreducible 
mimmum consumption appropriate to umversal human needs On the other, 
we can plan for the expenditure of a mimmum of human labour in producing 
the necessary constituents from the soil with the aid of sunhghr and bacteria 
Two obstacles stand in the way of using our newly gamed knowledge of 
nutrition in its twofold aspect One is the obstructive individualism which 
opposes any interference with planless competitive enterprise in food pro- 
duenon The other is that our Colonel Bhmps are le<is concerned with the 
proper care of their fellow countrymen than with the provision of a healthy 
diet for pigs, racehorses, or bullocks Indeed, the most vocal zoophilists and 
anti-vivisecbomsts are found among those who take up human destruction 
as a profession or profess complete disregard for human well-being by the 
way they behave m their capacity as voters In some countries the Colonel 
Blimps have come now to regard a national minimum of calories as a patriotic 
gesture, and are thus abreast of scientific knowledge m 1850 or thereabouts 

The calorie standard of nutrition is fitting to a slave civihzation in 
which cheap labour is abundant “Britons never will be slaves” should 
not be sung at meeangs of parliamentary candidates unless they are 
prepared to force a national mimmum of food for all in sufficient variety 
to ensure continued growth and health A standard minimum diet is not 
a sufficient guarantee of national health unless it makes allowance for 
preferences which result from social habit To take a horse to the water is one 
thing To make it dnnk is another So also it is one thmg to see that every 
citizen can get the necessary quantity of vitamins, and another thmg to make 
sure that he can get them m a palatable form In contemporary society the 
diflference between the quantity and variety of food consumed by the richer 
and poorer sections of the commumty is more conspicuous than any difference 
m the quahty of the conversation wffich accompames its consumption Using 
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our knowledge to the fullest extent does not mean that variety need be sacri- 
ficed to a narrow defimUon of effiaency. The mechamcal technology of the 
coal-steel age employed coal tar chemists to furmsh thousands of synthenc 
dyes as substitutes for the few natural colours which pnmiuve biotechnology 
provided If biochemists were set to work at the problem, they could produce 
thousands of new synthetic flavours as substitutes for the limited range of 
natural ones which are now available for the culinary art. The science of 
nutntion will receive a new impetus when national food production is planned 
to safeguard the health of every citizen 

WATER CULTURE AND TANK GARDENING 

In Its earhest stages the study of plant nutrition was mainly based on 
pottmg experiments with the addition of excess of one or other mgredients 
to a poor soil The recogmuon that they can make their own orgamc materials 
from the carbon dioxide of the air and the salts and water of the earth led 
later to a simphfication m the techmque of studymg the dietetic needs of 
growing plants A seedlmg can be brought to matunty by letting its roots 
grow in water, if the water contams the reqmsite morgamc salts in a total 
concentration which does not produce shrmkmg or swellmg of the root 
cells owmg to osmotic pressure In the last ten years this techmque, long 
familiar as a laboratory device, has been adapted to the economic production 
of crops both for forage and for human consumption 

The grow± of forage crops without soil is desenbed in the foUowmg 
citation from Nature (October 1936) 

Attention has recently been given to production of green fodder for cattle 
and other farm stock without the mtermediary of the soil In Great Britam the 
method advocated is apparently of German ongm, and it is claimed that the 
fodder is grown from seed in ten days Accordmg to pubhshed accounts, a layer 
of seed (maize or other gram) is spread on a perforated metal tray, and the tray 
is placed m a cabmet, constructed to hold a series of trays The seed is damped 
daily by water, containing a small percentage of nutrient salts, from a tank 
placed on the top of the cabmet, and, when an adequate temperature is mam- 
tamed, the seed germmates and m 10 days a growth of shoots some 12 inches 
high is obtamed This growth of shoots, with the mass of rootlets, is then 
given to the stock Several trials have shown that this fodder is readily eaten 
by stock, but carefully controlled experiments are necessary to demonstrate the 
full nutritive value and the costs of production of this fodder 

This practice does not seem to involve the formation of new material by 
photosynthesis It is essentially a rapid way of converting the food stores 
already present in the grain into a form more suitable for the consumption of 
farm stock 

Of greater interest are othet experiments carried out at the Umversity of 
Califorma by Professor W F Gericke, on the production of crops in shallow 
tanks of water to which the necessary chemic^ fertilizers have been added 
The seeds are sown in a layer of sawdust or moss on wire netting just above 
the water into which the roots grow Even m locahties where the soil is 
good, this tank culture method has the following advantages (Gericke Amer, 
Joum Bot , 16, 1929) 
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Among these are (a) Certam desired compositions of plants can be ob tamed 
by growth m water through mampulauon of factors that affect absorpuon of 
specified elements, (Jb) more economical use of elements by growth in water 
through mampulauon of factors that restrict absorpuon to defimte growth 
periods, (c) more economical use of water, as all that is supplied is available, 
(d) closer planting can be employed, (e) complete portability of plants, especially 
desirable m flowers 

Details of yield obtained by tank culture have been kmdly supphed by 
Professor Gericke m a private communicauon Four basins, each providing 
25 sq ft of water surface, yielded 1,224 lb of ripe tomatoes The 28 lb of 
chemicals reqmred for this crop cost less than 3 cents a pound A basm 
providmg one-hundredth of an acre of water surface yielded 24 05 bushels 
of potatoes These were grown in the open and required 40 lb of salts While 
large yields can also be obtamed with cereals, the cost of chemicals is here so 
large an item that the method may not justify the cost of the eqmpment In 
general, the crops most smted to tank culture are those wi± a high water 
and carbohydrate content 

At present we can only guess at the wider imphcations of this biotechmcal 
advance Plant growth is limited by three mam factors hght energy, mineral 
salts, and water Agricultural producuon has hitherto been confined to 
regions where the supply of these three essentials is already adequate, or, as 
with the last two, where the local supply can be supplemented by manunng 
or irrigation without too much trouble or loss The energy of sunhght 
goes to waste over the hot deserts where rainfall is scanty, and the sand 
will hold neither water nor salts Imganon is costly, and most of the water 
used sinks through the desert sand, so it is wasted, carrymg with it the soluble 
salts Tank culture, on the other hand, limits water loss to evaporation 

Some of the most significant advances m the apphcation of science durmg 
the past two centunes have been those which have helped us to find umversal 
subsUtutes for the endowments which Nature distributes m localized areas 
It IS entertaimng to speculate how far tank culture may eventually equalize 
the potentiahties of the sunmer parts of the earth It is not beyond the bounds 
of possibihty that the Sahara may become a vast open-air faaory for stormg 
sunhght m ^e starch and cellulose of potatoes or artichokes This could then 
oe converted on the spot mto power alcohol and sugar We are now wit- 
nessing the begmnmgs of a biotechmcal revoluaon that will relegate the 
Law of Dirmnishmg Returns to the same limbo as phlogiston 



CHAPTER XX 


THE ASCENT OF MAN 


The doctrine of common descent or organic evolution^ foreshadowed in the 
world oudook of the loman naturahsts and their Epicurean successors, was 
revived m the period of intellectual ferment which preceded and accompamed 
the French Revoluuon, when the teachmgs of the Greek materiahsts were in 
favour among scientific mvestigators Without attractmg much comment 
from the world at large or excitmg much discussion among other naturahsts. 
It was defended m England by Dr Erasmus Darwm of the Lunar Society 
(see p 431), in France by Lamarck and Samt Hilaire, and in Germany by 
Goethe The influence of the new doctrme was ephemeral While the 
systematic study of plant hfe was the professional busmess of the apothecary, 
the seed merchant, and nurseryman, that of animals was still a gentlemanly 
pastime without any professional organizauon of its own In the half century 
before a vigorous controversy raged around the pubhcation of Darwm’s 
Origin of Species:, the French zoologist, Cuvier, elevated to the rank of 
baron by the return of the Bourbons, exerted all his mfluence as leader 
of a new school of comparative anatomy to discourage evolutionary 
speculation 

The accumulation of an immense collection of new data conspired to 
command the almost umversal assent of scientific men, when Darwin ex- 
pounded It with singular journahsuc skill which few scientific writers have 
excelled On the other hand, the approval of his feUow naturalists provides 
no explanation for the fact that Darwm’s wntmgs became the focus of one 
of the greatest mtellectual struggles m the history of human knowledge 
To understand why this is so we have to recall the fact that England was 
the centre of the controversy England was approachmg the zemth of a 
prosperity based on ±e exploitauon of new scientific knowledge, and the 
new captams of mdustry had not as yet acquired an effective voice m the 
pohcy of the official strongholds of English culture Nonconformity prevailed 
among the entrepreneur and the new personnel of science The Test Act of 
1673 which imposed the acceptance of the Anglican sacrament on Enghsh 
candidates for public office was not repealed till 1828, and the removal of 
religious tests which excluded Nonconformists, Cathohcs, and Jews from the 
universities was not completed till fifty years later, then only in the teeth of 
bitter opposition from the Bishops’ bench m the House of Lords Even the 
condition of the Enghsh Royal Society had prompted Babbage, Lucasian 
Professor at Cambridge m the Newtoman succession, to write his tract 
(1836) on The Decline of Science in England^ and years later Faraday’s dis- 
satisfaction prompted him to refuse the presidency H G Wells states the 
position m the foUowmg passage 

British science was largely the creation of Englishmen and Scotchmen 
working outside the ordmary centres of erudition We have told how the 
universities after the reformation ceased to have a wide popular appeal, how 
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they became the educational preserve of the nobility and gentry and the 
strongholds of the established church A pompous and unintelligent classical 
pretentiousness dominated them, and they dommated the schools of the middle 
and upper classes The only knowledge recogmzed was an uncritical textual 
knowledge of Latin and Greek classics, and the test of a good style was its 
abundance of quotations, allusions, and stereotyped expressions The early 
development of British science went on therefore in spite of the formal educa- 
tional organization and m the teeth of bitter hostility of the teaching and 
clerical professions 

A few dates and incidents will bnng the social milieu of the controversy 
into prominence In 1854 dissenters were first admitted as students to the 
Umversities of Oxford and Cambndge, m which teaching posts were still 
restricted by rehgious tests The obstruction of the Bishops’ bench to com- 
plete removal of all rehgious qualifications for college and umversity offices 
(other than chairs m Divimty) was not defeated till 1878 In 1856 the first 
Atlannc cable was completed Lord Kelvin (then Wilham Thomson), as a 
director, laid the foundations of a fortune (see p 729) which vindicated the 
plea of Babbage by applymg Newtoman mathematics to the measurement 
of delayed transmission In 1859 Darwm pubhshed the Origin of Species In 
1860 Bishop Wilberforce came to the British Association to ask if Huxley 
claimed descent from a monkey through his grandfather or his grandmother 
Dunng the controversy which ensued Disraeh’s undergraduate flippancy 
and the impudent pomposity of Wilham Ewart Gladstone were enlisted in 
the defence of the Faith 

The Normal School of Science where Huxley taught was not what it 
now is, the Impenal College of Science and Technology, an institution 
powerful enough to seduce Sedgwick from the chair of zoology at Cam- 
bridge to direct Huxley’s former department In Darwin’s time there w iS no 
provision for modem scientific mstruction m the older British seats of learnmg 
Cambridge did not capitulate till Kelvin had made his fortune Oral tradition 
relates how the proposal to equip laboratones for practical teaching m 
experimental physics was opposed m the senate by a promment mathe- 
matiaan He contended that students should be content to accept the 
testimony of professors who were all communicating members of the Church 
of England True or not, the story is representative of the temper of the time 
The scientific controversy was carried on while the pohtical struggle over the 
Test Acts was still proceeding The intervention of Bishops and of an Anglican 
Prime Mimster mevitably made evolution the ideological symbol of the move- 
ment to reshape the key positions of Enghsh education in accordance with 
the aspirations of the new industrial leaders 

A parallel struggle m Germany, where coal-tar chemistry was to provide 
new opportumties for exploitation, was carried on with Haeckel as the 
champion of evolution The foUowmg remarks by Humphrey in The Scientific 
Worley Nov 1937, describe the German scene 

In Germany supporters of political reform took up Darwimsm almost as 
their catchword The imddle-classes were still oppressed by the remains of the 
aristocracy, and the Liberals were still hemmed m by the clerical and conserva- 
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tive forces This reaction became intensified after the 1848 revolution, and so 
also was the fight for Darwinism The mam populari7ers were Johannes Muller 
and Haeckel The latter was particularly keen in fighting the doctrine of 
ignorahtmus in which he scented political reaction In 1877 at a scientific meeting 
at Munich, while the Prussian Government was drafting a new educational law, 
he gave an address upon the relation of evolution to science in general In it he 
expressed the assurance that biology conceived in an evolutionary manner is not 
an exact but an historic science, and could form a basis for a uniform view of 
life which would gradually reconstruct the whole of human existence on general 
humanitarian lines, and which should therefore constitute the foundations for 
all education He was opposed by Virchow, who said that Darwimsm was 
largely unproved and that school education should confine itself to indisputable 
proofs This view was greeted with cheers by the conservatives Shortly after- 
wards the Prussian Minister of Education sent round a circular strictly for- 
bidding schoolmasters in the country to have an5tthmg to do with Darwimsm, 
and in the new educational law biology was entirely excluded from the 
curriculum The time when German biology held its own in the world came 
with the immense techmeal and economic development which followed the 
unification of the German states into the Empire 

The acceptance of evolution as an ideological gesture of the cultural 
supremacy of the new manufacturing plutocracy m England and Germany 
had two effects One was beneficial to science The other which was harmful 
is not sufficiently emphasized, and is only beginning to be apparent to a few 
biologists The controversy proved beneficial because it encouraged biological 
teaching in the universities, attracted benefactions for research and support 
for the growth of public museums It helped to raise the pursuit of biology 
to independent professional status, and supphed funds for apparatus and 
equipment This nursed into bemg new branches of enquiry which had no 
immediate application in social pracncc at the time In doing so, it con- 
tributed to tlie advancement of useful knowledge in the long run Meanwhile 
It deflected interest away from the pressing biotechmcal problems which 
had been raised by new horticultural practices in the first half of the century 
and concentrated attention on the more purely descriptive study of hving 
creatures 

In assimilating evolution to its cultural aspirations, mdustnal capitahsm 
moulded the direction of biological enquiry in accordance with its material 
requirements Durmg the revolutions of Stuart times large-scale farmmg 
associated with the enclosure movement which conunued throughout the 
succeeding century offered an outlet for capital investment, reflected m the 
active interest of the English Royal Society m all aspects of husbandry. 
When the evolutionary controversy began, only a decade had passed since 
the repeal of the com laws The pohey of agricultural self-suffiaency had 
been abandoned Cheap bread supplied from undeveloped temtones to 
factory employees in rapidly growing centres of urban congestion was the 
proper corollary of low wages Darwm’s emphasis on competition as the 
basis of selection in nature endowed ruthless commercial rivalries with the 
vensimilitude of natural law, while Ricardian economics placed a flammg 
sword between the farm and the faaory 

Side by side with the work of contemporanes like Mendel whose researches 
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had a close relation to the biotechrucal problems of his age, Dai win's experi- 
ments on heredity represent a mean order of performance That French 
biology received httle stimidus from the evolutionary controversy is not 
surpnsmg The revolution had long smce liberated education from the yoke 
of an estabhshed church In close relation to the needs of the wine industry 
and an active pohcy of agricultural development France experienced a 
bnUiant efflorescence of biotechmcal mvention, whde Enghsh and German 
biologists were preoccupied with filling the lacunae of the evolutionary record 
Except in so far as it retamed its contact: with social practice through 
medicme, the leadership of Bntam and Germany m biological science ended 
when the larger lacunae had been tilled String progress of biology in 
pursmt of Its true and lawful goal has smce taken place m countries like 
the Umted States, Scandmavia, and more recently the USSR, where 
^arge-scale capitahst farming with paternal encouragement from the Govern- 
ment, co-operative farmmg and State planmng are supplymg new problems 
and the resources for solvmg them It is significant that a demand for Govern- 
ment mtervention m British agnculture, voiced by eminent biochemists, now 
comes from a school of biologists whose work hes outside the evolutionary 
tradition 

The struggle for cultural supremacy and the laisser-faire outlook of 
the manufacturmg classes conspired to make the evolutionary problem the 
focus of d controversy which extended far beyond the boundaries of scien- 
tific intercourse, and the thesis which put the match to the bonfire signalizes 
a new phase in the history of saentific discovery A slow process of accumu- 
latmg new facts had occurred durmg the preceding century at mcreasmg 
tempo As with the solution of a picture puzzle, a point was reached at which 
the general pattern became suddenly and brilhandy clear During the last 
half century before Darwin’s Origin of Species was pubhshed three th^ mes 
had become prominent m biological studies 


THE PRINCIPLE OF UNITY OF TYPE 

Of these, a new onentation m systematic classification of living animals 
and plants might seem to be least related to die social milieu From 
anaent times the search for medicinal herbs and for ornamental plants 
sustamed a more or less contmuous interest in codifying the diagnostic 
features by which different species can be identified Between the herbals of 
Theophrastus m 300 b c and of Gerard m A d IGOO there was very httle 
genuine progress m content or method The herbals of the sixteenth century 
desenbe many plants which were not known to the Greeks or to the Arabs, 
and omit others that were Till the pracuce of reahstic illustration, fostered 
by the growth of surgery m the sixteenth century, slowly spread to other 
types of medical treatise, information of this type had a local and ephemeral 
character. The contents of the herbals waxed and waned simultaneously, 
and scarcely reached dimensions beyond which ready reference without 
recourse to codification would have been impossible 

Durmg the seventeenth and eighteenth centuries a new genre of botamcal 
treatise refiects the growth of pubhc and private physick gardens, the acquisi- 
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tion of new medicinal and commercial plants such as Peruvian bark (quinme), 
the potato and tobacco from the New World, the orgamzation of commercial 
seed production and horticulture, and ±e mvention of the microscope The 
new genre was in turn both more mtensive and more extensive The herbals 
of the sixteenth century display hardly a rudiment of systematic classification 
A turmng point is signahzed by the herbal of Jung of Lubeck m the opemng 
years of the seventeenth century Jung arranges flowenng plants m assem- 



F iG 434 - -Malpighi’s Drawings of the Germination of the Bean — 

A Dicotyledon 

1 he two seed-leaves or cotyledons are fleshy food stores between which the young 
root and shoot are at first concealed c shows the seedling in section* and m e both 
cotyledons have been removed In i, the root nodules characterisuc of legumes are 
figured for the first time 

1 his and the next hgure reproduced by his kind permission and that of the publisher from Dr Charles 
Singer’s Short History of Biology^ Oxford Umvcrsity Press ) 


blages which show similar types of flowers Such are the Compost tae (daisy 
family), the Labiatae (dead-nettle family), and the Leguminosae (pea family) 
With this end in view he prefaces his arrangement of known plants with 
descripave termmology for external characteristics of plant orgamzation such 
as the inflorescences (spikes, umbels, pamcles) for which his own termmology 
has come down to us The work of Morison, Professor of Physic at Oxford, 
represents the mtensive type of study. His treatise (1672) on a smgle family 
of flowermg plants the Umbelliferae (parsley, carrot, etc ) emphasizes how far 
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the recognition of new species had extended beyond the range of the ancient 
herbals In the herbal of Theophrastus, a disciple of Aristotle, about three 
hundred plants constituted an exhaustive account of the world’s flora When 
Ray published the most notable example of the new extensive treatise 
(Histona plantarum) between the years 1684 and 1704, he was in a position 
to describe nineteen thousand plants divided mto one hundred and twenty- 
five assemblages which mcluded, in addition to the families mentioned above, 
the Cruciferae (wallflower family), the Rubtaceae (goose grass family), and 



Fig 435 — Malpighi’s Drawings of the Germination of a Grain of Wheat — 

A Monocotyledon 

e IS the last m the senes Part of the single cotyledon remains withm the gram as an 
absorbing organ, and the rest of it forms the sheath of the first ordinary leaf 


Others of which the names survive in botamcal works today The begmnings 
of a hierarchical arrangement are also seen m the broad division of flowering 
plants mto Monocotyledons and Dicotyledons (Figs 434, 435) 

The practice of classifymg plants for purposes of identification arose 
naturally from the accumulation of more data than the unaided memory 
could mampulate The several soaal agenaes which encouraged systematic 
description of new speaes have been mdicated sufficiently m previous 
chapters Once classification began, an ever-present reahty of animate nature 
stamped itself mescapably on the execution of the task The principle called 
Unity of Type did not sprmg mto existence suddenly As more mtensive 
and extensive studies developed side by side, botamsts began to realize that 
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some characteristics, e g the colour of the flower, are shared by plants with 
few other common features, while others distinguish groups of speaes with 
many common features Hence it is possible to arrange plants in groups 
of which the members share a very large number of charactenstics which 
distinguish them from other plants The dawnmg recognition of this possibility 
which expressed itself in a complex hierarchy of resemblances is i^erent in 
a practice which is already found m the herbals of the sixteenth century, 
though it was not generally adopted Each plant had two names, one speafic 
to It, the other its generic name characteristic of others which resemble it very 
closely 

The arrangement of living creatures m a system based on unity of type 
may be illustrated by the classificatory position of man and the primrose 
Each is a species, i e a group of orgamsms of which the members interbreed 
freely with one another and do not breed freely with members of other 
species in nature In each species there are several local varieties or races 
which preserve their distinct charactenstics if they are prevented from mter- 
breeding by geographical or artificial agencies Any smgle species may 
contain an immense number of such varieties, which can be dehberately 
permit tuated by breeding like to like as in animal husbandry, horticulture, 
and crop production Such varieties would soon lose their distinctive features 
if left to breed with one another without interference, and the distinction 
between varieties and speaes is therefore capable of bemg put to experimental 
test In practice it is difficult to decide whether two distma forms are actually 
different, unless they occupy the same locality There is then no barrier to 
crossmg except their own disability Two local varieties which are separated 
by a mountain range or sea may be classified as distmct speaes though they 
would freely mix if there were no such obstacle to prevent them 

Both species referred to have two names, a first or generic which it shares 
with the species most like itself )ust as we share our surnames with our brothers 
and sisters, paternal cousins and parents, together with a second or specific 
name which indicates a particular member of the genus just as our Christian 
names distinguish us from our brothers and sisters Thus Wordsworth 
was one of the species called Homo sapiens and the primrose is Primula 
verts Homo sapiens includes a number of more or less distinct local varieties, 
c g Eskimos and Negroes Where the natural and social barriers of ocean and 
tabu have been broken down by commerce and colonization all these varieties 
mingle and produce fertile hybrids Some botamsts classify the cowshp and 
the primrose as the same species, because fertile hybrids occur in nature 
Since they flower at rather different times and flourish best in different 
surroundings, they tend to preserve their distinctive characters in the same 
locality So other botamsts distinguish Primula veriSy the cowshp, as one 
species and P) imula vulgaris^ the primrose, as another 

The “binomiar* custom which is sometimes wrongly attributed to Linnaeus 
grew up gradually as the principle of umty of type impressed itself on the 
herbahsts Gerard’s herbal contams several examples of bmomial epithets 
still m use In the eighteenth century Linnaeus was the first writer to adopt 
the practice as a umvcrsal rule The immense economy effeaed may be 
judged by companng his name for the Red maple Acer rubrum with its earher 
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title Acer Amencanum^ folto majorCy suptus argenteOy supre viridi ^plendentCy 
orthus muliis cocemeus 

A name such as this attempts to convey all the relevant information for 
identifying the species mdicated by it As the herbals grew in size and more 
plants were distmguished as distmct speaes the attempt to do this became 
obviously hopeless So it was necessary to codify the characteristics of each 
species by grouping them together Speaes were grouped into genera, 
genera mto famihes or orders, orders into classes, and classes mto larger 
uruts Thus Primula veris (the cowslip and primrose) and Primula elatior 
(±e oxhp), which do not interbreed m nature, resemble each other closely 
m many respects, on which account they are placed in the genus Primula 
On tummg up a botamcal treatise like Bentham and Hooker’s British Florae 
you will find that the genus Primula is grouped with several other genera 
such as Anagalhs (of which the commonest speaes is scarlet pimpernel) and 
Lysimachia (of which yellow loosestrife is one species) in a family or “natural 
order” called the Prtmulaceae on account of the common features which 
their flowers share The Primulaccae^ with about fifty other famihes repre- 
sented m Britain, are all placed m the sub-class DicoiyledonSy which germmatc 
with two seed leaves and have adult leaves with a branching network of 
vessels In contradistmction to these famihes, Monocotyledonsy like the hly, 
have one seed leaf, and adult leaves with parallel vessels These two sub- 
classes constitute together the class of Angiospermsy or flowering plants, one 
of the major divisions of plants 

The economy of this codification lies m the fact that you can distinguish 
an mdividual plant as a member of one species Primula veris among about 
a quarter of a nulhon of named species now existmg, if you know (a) the 
characteristics which distmguish Primula veris from other primulas, (6) those 
which distmgmsh Primula from other genera of the PrimulaceiCy {c) 
those which distinguish the Primulaceae from other famihes of DicotyledonSy 
(d) those which distinguish Dicotyledons from Monocotyledons y {e) those 
which distinguish Angiosperms from flowerless plants like conifers, ferns, 
mosses, mushrooms, or seaweeds So a hierarchical classification is a key for 
identifymg species m the most economical way 

The procedure used with animals such as Homo sapiens arose out of the 
practice of the botamsts and follows similar lines Homo sapiens is distmguished 
from Homo neanderthalensis and other fossil men who preceded him The 
genus Homo is associated with other more apelike fossils such as Pithecan- 
thropus (the Java ape man) and Smanthropus (the Pekmg man) m the family 
Hominidae^ Along with several other famihes of apes, monkeys, and mar- 
mosets, this IS placed m the order PnmateSy all of w^ch have graspmg hands 
with nails, forward-lookmg eyes m a closed bony orbit, and other features 
which distmguish them from all other orders like Rodentia (mice, rabbits, 
etc ) or Prosbosetdea (elephants), Chxroptera (bats). Cetacea (Whales) grouped 
m the class {Mammalia) of warm-blooded animals which suckle their young 
The class Mammalia share with birds, reptiles, and fishes common charac- 
teristics, on accoimt of which they are placed in the phylum Vertehraiay a major 
division of animals 

The soaal background of plant classification calls for little comment 
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It has been nursed m turn by the practice of medicine and of horticulture 
It has a long record of gradual growth encouraged by whatever mvenuons 
and social agencies have conspired to promote the progress of medicme and 
hordculture Intensive systematic study of animals came much later, and 
presents a less contmuous spectacle of progress The long break in the record 
of zoological studies between Aristotle and the seventeenth century suggests 
the clue to its dommant social mcentive 

We may roughly divide the history of systematic mterest m animal life 
into three periods First comes a period of thirty years or so dommated by 
the work of Aristotle and his pupils No further progress is noteworthy till 
we reach the sixteenth century of our era, when the beginnings of a new 
literature of zoology can be traced between 1550 and 1750 During this period 
while the systemauc classification of plants made rapid progress, knowledge 
of ammal life expanded notably without conspicuous advance towards a 
classification analogous to those m vogue today The third penod firom 1750 
to 1850 saw the rise of hierarchical classification based on the recogmtion of 
Unity of Type It is ushered in by the revival of evolutionary speculaoon, and 
reaches its climax in the general acceptance of the doctrme of descent 

The fact tliat no noteworthy zoological progress was made by the bnlhant 
civilization of Alexandria receives a sufficient explanation from its essentially 
urban character The failure of the Arabs, who mtroduced herbahsm into 
Lurope, to make any signal contribution cannot be explamed m the same 
way What the Moorish culture lacks is the impress of a feature common 
to each ot the three periods distmgmshed m the precedmg paragraph The 
materials of Aristotle’s survey of animals then known were collected durmg 
the campaigns of Phihp of Macedon Greek culture was witnessmg the 
irrupuon ol an Asiatic fauna To the Atheman of Aristotle’s time the elephant 
was a phenomenon as spectacular in its novelty as were the Zeppehns to the 
inhabitants of London m 1017 The Islamic conquests did not brmg a new 
fauna within the experience of the civilized world, as did the colonization of 
America in the seventeenth century or the openmg up of Austraha at the 
end ol the eighteenth, when a rapid development of mannme communicauons 
was immmcnt 

That imperial expansion abetted by improved communications and com- 
mercial mtercourse has been a decisive soaal agency promotmg mterest m 
the systematic study of ammal life, when new faumstic resources have been 
disclosed thereby, is amply supported by more substanual evidence for what 
may seem to be a somewhat arbitrary division of the history of zoological 
enquiries The materials which Aristotle derived from the Macedoman con- 
quests have been debated too fiilly to merit further menaon (vide Smger’s 
Gretk Biology and Greek Medicine) The active encouragement of biological 
survey by the Admiralty during the Austrahan voyages m which Cook was 
accompamed by the botanist Sir Joseph Banks, is well known, as is also the 
influence of colomal administrators like Sir Stamford Raffles, who was 
largely instrumental m starting the London Zoological Gardens after his 
return from office in Java and Malay How British Imperiahsm fostered 
zoological expediuons m the early mneteenth century, and how the pro- 
vision of medical attendance for the care of passengers when steam naviga- 
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tion developed conspired to encourage the scientific study of new Faunas is 
told in biographies of the great traveller naturalists 

The formative influence of colomal pohcy m the preceding period is less 
fully realized The social pohcy which accompamed the colomzation of the 
New World brought mto one and the same social context the systematic study 
of animals and plants This common social context furmshes a sufficient reason 
for the classification of animals according to the model which had origmated 
in the practice of the herbahsts A glance at the contents of the proceedings of 
the older scienufic academies is sufiftcient to draw attention to the character- 
istic feature of natural history m what has been distinguished as the second 
period m the history of zoology Thus the Philosophical Transactions of the 
Enghsh Royal Society of 1702 contams inter aha “an account of Mr Sam 
Brown his Sixth Book of East India plants by James Petives apothecary 
To these are added some animals which the Reverend Father George 
Joseph Camel very lately sent him from the Philhpine Islands ” In the same 
year we find Mr Strachan’s “observations in the island of Ceilon on 
the ways of catchmg fowl and deer, of serpents, of the antbear and of 
cinammon ” 

These miscellames were not mere products of idle curiosity Though 
mmeral prospects largely dommated the aspirations of the Spamsh and 
Portuguese conquerors of the New World, biological products soon became 
important materials of commerce, the search for which was promment in the 
colonial pohcy of their Dutch and Enghsh rivals for maritime supremacy 
Contemporaneously with the beginnings of colomzation the search for 
biological products was not confined to the New World The development 
of the whaling mdustry and the emergence of the fur trade belong to the 
Tudor period The latter was the special objective of the Muscovy Company y 
and Hakluyt’s records give catalogues of plants, ammals and minerals, drawn 
up by ship’s captains m the Ehzabethan voyages 111 1585 John White, one 
of the earhest settlers in Virgmia, for some time its governor, and heu- 
tenant to Raleigh on several voyages, made drawmgs, among which is one 
of the kmg crab, Limulusy an American nussmg link between the scorpions 
and the extmet aquatic Euryptenda It was engraved for de Brys’ 
“America,” and is now m the Bntish Museum The text accompanymg the 
drawmg is a translation of Thomas Harriot’s A Brief and True Report of the 
New Found Land of Virginia 

A century after the Muscovy company was chartered the Hudson Bay 
enterprise was started with a similar end m view The mtroduction of agri- 
cultural products, like the potato, or of medicmal and domesue amenities, 
like tobacco and Peruvian bark, also prompted more ambitious aspirations 
About the same time as Evelyn’s proposals for importmg new ornamental 
and useful trees from the British colomes the adventurous hopefulness of 
early capitahsm is illustrated by a suggestion, from which nothing came It 
IS worth quoung because very similar sentiments recur in the statement of 
the founders of the Zoological Society at the begummg of the nineteenth 
century Robert Childe, principal contributor to Hartlib’s Legacies an agri- 
cultural work pubhshed m 1665, advocated the mtroduction of black foxes, 
muske cats, sables, martmes, and adds to his hst “the elephant, the greatest, 

2G 
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Wisest, and longest lived of all beast, very serviceable for carnage 
(15 men usually ndmg on his backe together) ” 

The third volume of New York Colonial Documents contams a reference 
to a commission which was specifically requested to draw up a report on the 
plants of America m 1664 The geramum of our greenhouses and pubhc 
gardens is derived from the Cape Pelargomum. It bears witness to the close 
relation between the Dutch East India Company and the flounshmg horti- 
cultural mdustry which already existed m Holland dunng the seventeenth 
century The Hortus MalabancuSy a monumental work among the herbals of 
the seventeenth century, was prepared under the aegis of ±e Dutch governor 
of Malabar with a skilful staff of Brahmms to assist m the preparation of the 
figures The threefold miscellames of foreign plants, animals, and mmerals, 
m the scientific periodicals of the time are, m fact, the record of an aoive 
policy of prospecting the material resources of the colomzmg powers Durmg 
the period between 1600 and 1760 knowledge of animal life and natural 
mmerals was expandmg rapidly, while the new practice of botamcal classi- 
ficauon was takmg shape 

When Linnaeus pubhshed the first edition of the Systema Naturae m 
1735, brmging together all the fruits of the newly accumulated knowledge m 
his tripartite division of nature mto the three “Kmgdoms,” the method 
of arrangement which had emerged from the more advanced systematic 
study of plants was mevitably adopted as a basis for the classification of 
animals The Linnaean treatise like the De Fabnca of Vesahus is less the 
beginning of a new phase than the completion of what had gone before A 
new era of colomzation was ushered m with the irruption of the Australasian 
faunas mto the science of the old world Several circumstances now com- 
bined to stimulate an unprecedented zoological progress m the first half of 
the nmeteenth century Two call for separate comment 

1 he first IS that Austraha yielded types of anim al life which differed from 
previously known ones m a far more strikmg way than the faunas of America 
differ from those of Europe and Afnca The duckbilled platypus (Fig 45) is 
a spectacular illustration of this, and its discovery was of itself suffiaent to 
act as a focus to the evolutionary speculation of the period 

The second is that progress m the pnnaples of chenustry and electncity 
had greatly advanced the study of physiology m the eighteenth century 
Smee the most distmctive features of plant organization concern their 
reproductive organs, further progress m plant classification after the work of 
Ray and his contemporaries received its chief impetus from improvement 
of the microscope, which made it possible to compare the reproductive 
processes of the flowerless plants Among animals the character of the 
reproductive system is far less distinctive of recogmzable types of orgam- 
zation The relations of the muscles to the hard parts co-operating with 
them m locomotion, the alimentary canal and its associated digestive glands, 
the arrangements to ensure oxygen supply to the moving parts by the arcula- 
tion of flmds, the nervous system, all display innumerable common features 
charactenstic of large groups The recogmtion of Umty of Type m animals 
as a whole was not possible till the work of the organs of the ^dy was suffi- 
ciently understood to provide a basis for companson 



The Ascent o) Man 931 

As m all other departments of biological knowledge the mventiou of new 
mstruments which emerged from a different soaal context played an im- 
portant part m the birth of zoological classification During the period of 
colomzmg the New World, the early microscopes had broadened Ae world 
outlook of saence no less than the telescopes of Galileo and Kepler A quota- 
tion from Stelluti (1630), one of the earhest of the microscopists, cited by 
Smger vividly emphasizes its influence . 

I have used the microscope to examme bees and all their parts I have also 
figured separately all members thus discovered by me to my no less joy than 
marvel, smcc they are unknown to Anstotle and to every other naturalist 

The broad outlines of a classification of hvmg creatures based on the 
recogmtion of unity of type was completed during the three decades which 
intervened between the mtrcduction of modem microscopes and the 
pubhcation of Darwm’s Origin In the light of the information denved from 
microscopic studies the twofold division of organisms mto animals and 
plants is now supplemented by a third division, the Protista^ m which, as 
explained m Chapter XIX, all non-cellular orgamsms (infusoria, diatoms, 
bacteria, etc) are placed There is no sharp Ime of demarcation between 
Protista which hve m colomes and the simplest types of “ammals” hke 
sponges or “plants” such as algae and fimgi Most of the major groups or 
phyla of animals, and some of their subdivisions, together with a few of the 
distmguishmg charactenstics which unite the animals placed m them are 
given below 

Phylum I Ponfera — This mcludes the sponges^ organisms of which the 
bodies are mainly a gelatmous secretion penetrated by a labvnnth of canals 
The canals are Imed by cells with vibratde filaments (“cilia"’) which maintain 
a constant stream of food particles Masses of sperms and egg cells are found 
embedded m the gelatmous body walls along with spicules or homy fibres 
There are no separate digesuve organs, no blood vessels, nerves, or sense organs 

Phylum 11 Coelenterata — Organisms m winch the hollow body consists of 
two mam cellular layers separated by a gelatmous middle region A smgle 
orifice, the mouth, leads into the central cavity, which is usually surrounded 
by tentacles, and acts as the digestive organ of th^ body Digested foodstuffs 
diffuse through the body substance without tlie aid of blood vessels to carry 
them There may be muscle fibres, more or less distmct from the lining cells 
of the cellular walls, connected with simple sense organs on the outer surface 
by a network of nerve fibres In addition to sexual reproduction, budding 
IS common Many species form sedentary colomes from which free swimming 
sexually equipped individuals are hbeiatcd Corals, sea-anemones, jelly-fish, 
and polyps (Fig 430) are members of this phylum 

Phylum III Platyhelmmthes — Flattened worm-like creatures which are, 
with rare exceptions, hermaphrodite The gut, if present, has a mouth but no 
anus The nervous system consists, as m all the remaining phyla, of a peri- 
pheral portion — nerve trunks — and a central mass where nerve cells are con- 
centrated There are no blood vessels The muscular system is well developed 
There is a system of canals provided with ciliated cells believed to be excretory 
organs The three pnnapal classes are Turbellaria (free-hvmg flat worms found 
under stones m ponds and m rock pools), Trematoda (parasitic worms called 
“flukes,” including the liver fluke which causes sheep-iot and tlie worm which 
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produces the human disease called bilharziasis in tropical countries), Cestoda 
(tape-worms — parasites devoid of a g:ut) Sometimes associated with the Tur- 
bellana is the class of free-livmg unsegmented marme worms called Nemer^ 
tinea Unlike the above but like all the remaimng phyla they have an anus, and 
are sometimes placed in a separate phylum 

Phylum IV Nemathelminthes — Smooth, elongated worms with a tapering 
body They have a mouth and anus, no blood vessels, nor sense organs of vision 
and balancmg They are mostly parasitic and mclude the pm-worm, which 
often infects the digestive tract of children, m addition to more dangerous 
parasites of stocks and crops and to the human parasite Filaria, which produces 
elephantiasis m tropical countries Species of Tylenchus, Heterodera, and other 



genera form galls on wheat, beet, etc Nearly all the species put in this phylum 
are placed m a single homogeneous class, the Nematoda^ called thread-worms 
Phylum V Rotifera {Trochelmtnthes or Rotatoria) — These are complex 
organisms of exceedingly mmute dimensions livmg m fresh water They have 
a well-developed alimentary canal and nervous system and a simple type of 
excretory system Th^ distmgmshing characteristic is a disc frmged with 
vibratile cilia m front of the mouth, givmg the appearance of a rotating wheel, 
whence their name “wheel ammalcules ” The males, like drone bees, are pro- 
duced by parthenogenesis or virgm birth, i e from eggs which are not fertilized 
Phylum VI Echinodemiata — Radially S5niimetrical marine ammals m which 
the skm contains calcareous plates which are often jomed together to form a 
rigid covering to the whole body Along typically five grooves of the surface are 
double rows of pores through which fine muscular suckers, the “tube feet,” 
are everted There are five classes with modem representatives Asteroidea 
(star-fishes) Eehinoidea (sea-urchins), Ophiuroidea (bnttle stars), Cnnoidca 
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(sea lilies), and Holothuroidea (sea cucumbers) There are many tossil repre- 
sentatives of all the classes, and also several classes which are now totally 
extmct The egg is fertilized in the open sea, starts life as a free-swimmmg 
larva, which is covered with cilia-bearmg cells and passes through a compli- 
cated metamorphosis mto the adult form 
Phylum VII Molluscoidea — In this group are included a number of seden- 



Fig 437 — Marine Bristle Worm or Polychaetb 

The dorsal body vail has been cut away from the first few segments At the hmd end 
of the dissection, the gut is seen passing through one of the septa which divide the 
body cavity mto a series of compartments Five other septa, from which the gut has 
been separated, are seen farther forward 

tary mostly marme organisms with very doubtful affinities, the main resemblance 
bemg the circlet or groove of tentacles in the mouth regions The two prmcipal 
classes, each with fossil representauves, are the Brachiopoda (lamp shells) 
and the Polyzoa (sea mats) which superficially resemble hydroids They are 
sedentary, often hermaphrodite, and form colomes by budding 

Phylum VIII Annelida — These are worms m which the body is seg- 
mented and typically provided with bristles by which locomotion is carried out 
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There is a well-developed system of contractile blood vessels, and a ventral 
chain of nerve ganglia The three mam classes are Oligochaeta (mostly earth 
worms), Hinidmea (leeches), and Polychaeta (marme bristle worms (Fig 437) 




Fig 438 —Unity of Type in the Mollusca 

At first sight representatives of the different classes of Molluscs seem to have little 
in common Certain characters are, however, shared by several classes of Molluscs, 
though not m every case by all, and so the phylum is loosely kmt together We can use 
these widely distributed features to synthesize an ideal Mollusc (A), fiom which the 
existing classes might plausibly have evolved It is bilaterally symmetrical, and crawls 
on a flat muscular foot like that of a snail A flap called the mantle runs all round the 
body like the eaves of a house Posteriorly, tlie hollow between the mantle and the 
foot is large, formmg a mantle cavity containing a pair or more of gills The edge of the 
mantle secretes a shell w4iich therefore grows as the mantle grows Inside the mouth 
IS a file-like radula for rasping off food Gonad and kidney are connected with the 
pericardium and open together mto the mantle cavity The central nervous system 
consists of a number of gangha, most of them surrounding the oesophagus, but some 
perhaps lying out in the muscles of the fool and among the viscera The Gastropoda 
W, such as the whelk and the snail, have gone through a complex process of torsion 
The mantle cavity has become twisted round to the front of the animal, and in the snail 
has become converted mto a lung, the gills disappearing 
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Fig 438 — continued 


Bivalve Molluscs (C) or Lamellibranchs, such as the mussels, cockles, and oysters, 
have taken to a sedentary life The mantle is extended into two large lateral flaps, each 
covered with a separate shell or valve, the two valves bemg held together by muscles 
A large mantle cavity is enclosed on each side between mantle and foot The latter is 
usually wedge-shaped and used for burrowmg The double gills have moved round 
into the lateral mantle caviues through which they extend as complex ciliated sheets 
Water currents set up by the ciha of the gills carry minute orgamsms, mostly algae, 
to the mouth Respirauon is shared between the gills and the mantle The radula and 
the well-defined head have disappeared D shows a transverse section with the mtemal 
organs omitted In Cephalopods (B) such as the cuttle-fish and the octopus the body 
has been pulled out m a dors i- ventral direction The foot has been made mto tentacles 
and a funnel through which water can be shot out to propel the ammal along The 
shell IS usually enclosed by the mantle and the radula is supplemented by horny jaws 
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Fig 439 — Anatomy of the Crayfish 

(a) Part of a walking leg with windows cut m the joints to show the muscles Note the 
directions (indicated by arrows) m which each joint is able to move (6) The gill chamber 
opened from the side (c) Walking leg with gill attached (d) Right half of a crayfish In 
the heart, three of the openmgs which connect the heart with blood spaces can be 
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like the lug-worm used for bait and the “sea mouse”) Annelids are often 
hermaphrodite 

Phylum IX Mollusca — Unsegmented animals with a well-developed heart 
which pumps the blood from leaf-like gills to the ussues There are few charac- 
teristics common to the whole phylum, but each class shows unmistakable 
likeness to the small central group which includes the Clutons. The other three 
principal classes are Lamellibranchiata (Pelecypoda) or oysters, mussels, etc , 
Gastropoda (snails, slugs, whelks, and many others), and Cephalopoda (nautilus, 
octopus, cuttle-fish) The Gastropods are often hermaphrodite 

Phylum X Arthropoda — This contains more species than any other phylum 
Its members have segmented bodies, like the Annelida, from wluch they differ 
in having jomted legs, the muscles of which are enclosed m a hard external 





Fig 440 — Two Water Fleas, Members of the Class Crustacea, 
Both Magnified About 30 Times 


skeleton (Fig 439), a heart which fills itself by contractile pores or ostia from 
a mam blood cavity into which the finer vessels discharge, and limbs wholly 
(mandibles and maxillae) or partly modified as jaws The oldest group, the 
Trilobita, is completely extmct, and combmes some charactensucs of the other 
classes, of which the prmcipal ones are Crustacea (wood lice, crabs, shrimps, 
lobsters, water fleas (Fig 440) and barnacles), Myriapoda (millipedes and 
centipedes), Insecta or Ilexapoda, the true insects, and Arachmda (spiders, 
scorpions, ticks, harvestmen, and king crabs) 

Phylum XI Chordata — Aside from a few groups of simpler orgamsms like 
the sea squirts or Tumcata, which start their lives as creatures something like 
tadpoles and generally settle down to form colonies of hermaphrodite adults 
capable of budding off new mdividuals, the overwhelming majority of this 
assemblage are placed m the sub-phylum Vertehrata All vertebrates have a 
highly characteristic central nervous system which lies dorsal to tlie gut (spmal 
cord), and expands at the fore end into a bram with a characteristic group of 
nerves from the great sense organs (eye, mternal ear, and nasal organ) of the 

G2* 
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head, and others supplying the eye muscles, heart, etc At some stage of life 
the heart pumps blood forward round a series of vessels surrounding the 
throat perforated by clefts These bear gill filaments which are the respiratory 
organs m the aquatic classes (Fig 442) Such clefts are present in the 
embryos of the terrestrial classes, but do not bear gill filaments (Fig 443) 
Throughout the sub-phylum there is a characteristic group of organs, the 
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Fig 441a — The Anatomy of the Cockroach 


Above, two views of the whole animal, about 1 \ tunes natural size The front wings 
are thickened and protect the thm hind wings which he folded beneath them Below, 
left, the mouth parts Only one mandible and one maxilla of each pair is shown Tho 
labium IS a pair of appendages which have fused in the middle Ime 

“ductless glands,*' which mclude the thyroids, adrenals, etc The same type of 
digestive juices are secreted mto the alimentary canal by characteristic organs 
called the liver and pancreas throughout the group, and the system for excreuon 
of nitrogenous waste by two “kidneys** has an cssenually similar structure in 
all members There are six classes of vertebrata, viz 

(a) Cyclostomata (hag-fishes and lampreys), which resemble fishes m 
then respiratory and circulatory arrangements but, unlike fishes, lack jsrm, 
paired limbs, or well-defined vertebrae The spinal column is represexwtd 
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by a gelatinous rod ‘‘notochord,” which is present in the embryo of higher 
vertebrates, but generally disappears in later hfe 

{b) Pisces (fishes) Like Cyclostomes they breathe by gills, and have a 
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Fig 441b — The Anatomy of the Cockroach — continued 

heart with only one auricle (except m the lung fishes), receiving the blood 
from the tissues They chiefly differ m possessing paired fins 

(c) Amphibia (newts, salamanders, frogs, toads) Generally these start 
life as tadpoles with circulatory and respiratory organs like fishes They 
sometimes retain the latter throughout life They always have Itmgs (as 
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do some fishes) which usually replace gills m the adult, and, like the three 
remaining classes of typical land vertebrates, have five-fingered hmbs 
The heart has separate auricles receivmg blood respectively (left) from 
the lungs and (right) from the rest of the body, but the ventricle which 
pumps blood out of the heart is not divided as m the remaining groups 

(d) Reptilia (crocodiles, lizards, snakes, tortoises) These are cold- 
blooded land vertebrates with no aquatic larva, the fertilized egg bemg 
enclosed m a shell The body is covered with scales The heart connects 
with the mam artery of the trunk by two arches, one of which only (left in 
mammals, right m birds) persists m the next two groups 

(e) Aves (birds) *These are warm-blooded forms with feathers and fore- 


aorfca. 



1 he front end only of the fish is shown Tht \eins arc m black and the tUtenes, which 
cairy deoxygenated blood from the heart to the gills, arc lightly shaded dhe portal 
vein, which carries blood from the gut to the liver, is also shown 


limbs modified for flight (Fig 44 f) In most other respects their anatomical 
orgamzation is typically reptilian 

(/) Mammalia Warm-blooded land vertebrates in which the body is 
covered with hair The \oung are suckled and, except in the case of two 
primitive egg-laymg genera (duck-bill (Fig 445) and spiny anteatcr), are 
born alive 

Plants are commonly divided mto four great phyla^ as follows 

I Spermaphyta — These are the seed-bcarmg plants, m which fertihzation 
IS brought about by scattermg pollen They are generally divided mto two 
sub-phyla 

{a) Gymnosperms, m which the seed is exposed on the surface of the 
separate leaflets of the female cone This group includes the comfers (pme, 
juniper, yew, etc ), maidenhair tree (Ginkgo), and the Cycad palms 
(b) Angtosperms, m which the seeds are enclosed m ovaries which with 
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the pollen-bearmg organs are typically associated together in tlic structure 
called the flower The flowering plants are subdivided into two main 
classes (p 925) The types included can be inferred from the names of 
some of the typical orders^ viz Monocotyledons (Liliaceae, Grarmneae, 
Iridaceae^ Orchidaceae, etc ), Dicotyledons (Rosaceae, Primulaceae, Com- 
positae, etc ) 

II Pteridophyta — These exhibit a regular alternation between a separate 
spore-bearmg form, which has much die same vegetative structure (root, stem^ 
and leaves) as die flowermg plants and a simpler more ephemeral sexual struc- 
ture which produces typical spermatozoa and egg cells like those of ammals 
(see p 835) This phylum mcludes ferns, horsetails, and club-mosses 
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Fig 443 — Human Embryo, About 4 Weeks After Conception, 
Magnified 7 Times 

III Bryophyta —These plants exhibit the same type of reproduction with a 
regular alternation of sexual and spore-producmg forms The spore-producmg 
plant IS a parasite on the sexual one, and develops neither root nor leaves The 
sexual plant, which may have distmct shoot, leaves, and simple root-like struc- 
tures, has no wood vessels, and its microscopic structure shows litde differentia- 
tion of distmct tissues such as occur m the stem and leaves of ferns, flowermg 
plants, and comfers The phylum mcludes mosses and Ever worts (p 836) 

IV Thallophyta — This is a rather heterogeneous assemblage of forms, the 
members of which show various degrees of mterrelationship m vegetative 
structure and reproductive methods, diough the group as a whole is difficult 
to define, except by the fact that none of the plants placed in it exhibit the 
characteristics of the other three phyla Their vegetative structure is generally 
very simple At best it is litde more complex than that of the Ever worts Often 
the body is merely a filament of cells joined end to end The algae, which are 
aquatic and possess chlorophyll (which may be masked by other pigments), 
mclude seaweeds Many have motile spermatozoa, but m a few the sexual process 
IS represented by the fusion of two cells of adjommg filaments (Fig 405) with 
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the production of a resting “spore Formation of asexual reproductive cells or 
spores IS also common When there is a regular alternation the two generations 
do not differ m their vegetative characteristics as do the sexual and spore- 




Fig 444 — Vertebrate Wings 

1 he extinct flying repules called Pterodactyls had a wing membrane stretched between 
the elongated fourth finger and the hmd limb In bats, the second to fifth fingers are 
long and the hind limb agam helps to keep the membrane taut Birds have feathers, 
which stand out stiffly on their own account, and the awkward tymg up of the hmd 
limbs with the organs of flight is thus avoided 

bearmg forms of ferns and mosses Other thallophyta which hve as parasites 
on plants or ammals, or feed on dead orgamc matter (e g moulds on jam, dry 
bread or cheese, mushrooms on manure) have no chlorophyll and are called 
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fimgt Fungi reproduce principally by resistant spores suitable tor survival in 
air The lichenes are associations of a fungus with a simple green Protist, which 
supplies It with organic material by its power to use sunhght like the complex 
green orgamsms 

The progress of classification, based on unity of type, during the three 
decades which preceded the revival of evolutionary speculation in the mid- 
mneteenth century, impressed on the naturalists of the penod three con- 
clusions, which have now lost their novelty The first is that the general 
plan of organization characteristic of the larger classes of ammals or plants 
IS appropriate to the mode of hfe charactenstic of the majority of species 
included m them The second is that each class umted by a common 
architecture also mcludes many speaes whose mode of hfe is very different 
from that of the majonty The tlurd is that, while the overwhelming majonty 
of animals included m a class generally share a large number of features which 
distmguish them sharply from species included m other classes, there are also 
species which bndge the gap between such classes by combinmg charactenstic 
features of more than one class 

The first is well illustrated m the two great phyla of animals which show 
the greatest development of sensory discnimnation and motor co-ordmation 
Among arthropods the Crustacea are nearly all aquatic, while msects are 
nearly all terrestnal Assoaated with this is the fact that Crustacea breathe 
by gills — tufted filaments at the base of the limbs through which the oxygen 
dissolved lu the water diffuses — or by absorption of dissolved oxygen over 
the whole surface of the body Insects breathe by tracheae (Fig 441b) 
Among vertebrates fishes are all aquauc and breathe by gills, reptiles, birds, 
and mammals breathe by lungs and are nearly all terrestnal Among plants, 
the Pteridophyta are usually foimd m moist places, growmg beside streams 
or swamps They have motile spermatozoa, which can only reach the egg 
cell by water The Spermaphyta, on the other hand, generally bve on dry 
land, and their pollen is earned by msects or wmd to the ovule 

The second conclusion stated above emphasizes the existence of stnkmg 
exceptions to the first Thus a few Crustacea like wood hce and the coconut 
crab live wholly on land, and a small proportion of msects like the dragon- 
fly spend a large part of existence wholly m water A few reptiles like the 
turtles, a few birds hke the moorhen, and, among mammals, the seals and 
whales, lead a wholly aquatic existence though they contmue to breathe air 
Some of the most striking anatomical differences which distmguish birds 
from mammals (e g presence of feathers and absence of fingers) are closely 
related to the habit of flight On the other hand, a few birds — hke the kiwi 
of New Zealand — are completely unable to fly, while a few mammals, the 
bats, are completely aenal. Among flowermg plants some species, e g duck- 
weed, are more completely aquatic than ferns, though they can produce pollen 
and thus have reproductive arrangements appropriate to terrestnal existence 

Thus the main features of the overwhelmmg majonty of species m a class 
based on common anatomical architecture are appropnate to the mode of 
life typical of a large proportion of them, and a nunonty exhibit the same 
general plan with mmor modifications appropnate to a different sort of 
existence The picture as a whole presents a senes of distinct types of organiza- 
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tion each related to a definite habit, and repeatedly modified to meet the 
demands of a new environment While each type of organization is disanct 
in the sense that the overwhelming majonty of forms m a class generally 
share a very large number of common or interconnected characteristics, most 
groups contam a few species which, while predommantly like the other 
members, share outstandmg charaaenstics of other groups 
This third rule is well illustrated at every level of classification Thus the 
majority of vertebrates are either aquauc like fishes, which breathe by gills 
and swim with fins, or are terrestrial like reptiles, mammals, and birds, 
which breathe by lungs and walk on legs with toes The Amphibia (frogs, 
newts, etc ), on the other hand, are serm-aquatic, havmg limbs typical of the 
land form and breathing for the first part of life with gills Here we have 
a small group of land vertebrates with gills Likewise a few species of typical 
fishes, like the lung fishes and bow- fin, with typical fins and other fish struc- 
tures have lungs, as well as gills Or agam, while mammals as a whole are 
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fiiG 446 . — The Duck-billed Platypus, a Primitive Egg-laying IVIammal 

viviparous in contradistinction to reptiles and bnds which lay eggs, the 
duck-billed platypus fFig 445), in most respects a typical mammal, lays eggs 
with a hard shell like the eggs of a lizard or a thrush, and has shoulder bones 
like those of a typical reptile 

Though the actual number of these hvmg “missing hnks” is very small 
in companson with the many species which fall into sharply defined cate- 
gories, most groups have a small rrunority of forms which blur the hard 
outlmes of a classificatory system In Chapter XVII we have distmguished 
two very distmct types of reproduction characteristic of ferns on the one 
hand, and of flowering plants on the other While the ferns form the majority 
of Ptendophytes and the Angiosperms the majonty of seed-beanng plants, 
there is, besides, a senes of species which bndge the wide gap between these 
two extreme and well-defined types of reproductive orgamzation So far 
we have spoken of the pollen gram as if it were a smgle cell comparable to the 
sperm of a fern or an animal While it is at first a single cell, the nucleus 
divides several times before the pollen tube reaches the ovule and only one of 
these nuclei fuses with the egg cell nucleus of the ovule In a few seed-bearmg 
plants the cell substance round two of the nuclei m the fully formed pollen 
tube IS separated off, formmg distma sperms The sperms of the cycad palms 
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and of the maidenhair tree (see p 940), which are seed-bearmg plants, have 
aha and are motile Thus the pollen gram is not stnctly comparable to the 
single sperm of a fern 

To see more clearly what it does correspond to, it is necessary to look for 
other “missing links’’ m the allies of the fern itself The latter has a regular 
alternation of small ephemeral sexual plants (prothalli)^ producing both 
spermatozoa and egg cells, with spore-producing individuals Horsetails 
(Equisetum) produce spores like those of ferns, except that they are of two 
kmds, smaller ones which produce male prothalli and laiger ones which 
produce female prothalh In the genus of “club mosses,” called Selaginella^ 
this separation is accompanied by a great reduction of the importance of the 
sexual generation The small spores do not geiminatc to form an independent 
plant The sperms are produced tnside the spore coat, and are set free when 
It ruptures The only essential difference between the small spores of the club 
moss and pollen of a maidenhair free is that sperms of the former make their 
way to the egg cell by swimmmg No tube is formed to help them to reach it 
Thus the pollen gram combmes in itself a male-plant-producmg spore, an 
extremely degenerate male plant, and the sperm itself It is both types 
of fern reproduction telescoped into one process 

Seed production is also two types of reproduction condensed m a single 
act The large spores of the club moss form very degenerate female prothalh 
when they germmate The female prothallus is a mass of cells, with a few root 
hairs, partly enclosed m the spore coat Each has only two or three ovaries 
like that of a fern, each with a single egg cell The ovule which develops into 
the seed of a flowenng plant is a mass of cells surrounded by a capsule, the 
seed coat In the centre is a large cell, the embryo sac The nucleus of this 
divides several times, and one nucleus umtes with one of the nuclei in the 
pollen tube After that the combined nucleus divides to form the nuclei 
of the cells, which constitute the embryo The whole structure — the outer 
tissues of the ovule, the embryo, and the remains of the embryo sac — repre- 
sent three generations telescoped into one The seed coat corresponds to the 
spore-produemg organs on the leaves of a fern The embryo sac corresponds 
to a spore, when it is still a single cell Afterwards, when the nucleus has 
divided, It corresponds to the very degenerate female prothallus of the club 
moss The embryo is the beginning of the next spore-producing generation 

Thus, although the first impression gained from classifying ammals or 
plants is the conclusion that they fall mto clear-cut groups wnth characteristics 
suitable to the circumstances of their lives, closer study reveals the existence 
of mtermediate, more generahzed types, which bridge ±e gap between 
dilferent groups, and innumerable features of organization also suggest useless 
survivals of a former existence This suggestion becomes more imperative 
when we compare hvmg species with extinct ones It then appears that 
species which seem to show the vestiges of another type of orgamzation came 
mto bemg later than species m which the same type predominates 

THE PRINCIPLE OF GEOLOGICAL SUCCESSION 

Among the loman school of matenahsts, whose brilliant but short-hved 
tradiuon has been referred to many times m this book, Xenophanes made 
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observations on the remains of shells and fishes found in rocks far from the 
sea, and correctly interpreted them as remains of extmct creatures In the 
same materiahstic tradition Herodotus even went so far as to make an esti- 
mate — about ten thousand years — of the time it would take to fill the Red 
Sea with siit if the Nile opened mto it He correctly interpreted the formation 
of the delta as the result of sohd matter washed down by the flow of the 
sacred river 

When the materialistic tradition was revived by the English physiasts of the 
seventeen^ century, coal mimng had become a subject of saentific enquiry 
Robert Hooke, perhaps the most fertile scientist m the annals of English 
culture, advanced the common-sense view of fossil remams and the changmg 
configuration of land and water Hooke’s speculations exerted httle direct 
influence Close study of the earth’s history and of the succession of hvmg 
creatures which have peopled it made httle headway, till new social influences 
conspired to encourage the exploration of the earth’s crust m the closing 
years of the eighteenth and opemng years of the nineteenth century of our 
own era 

In the mtervening time Christian cosmogony elaborated by Milton and 
Ussher reigned supreme The world accordmg to the pamstakmg arith- 
metic of Ussher, one of Hooke’s contemporanes, was six thousand years 
old Ussher, as Bury remarks, had proved beyond dispute that the Tnmty 
created man on October 4th, 4004 b c , at nine o’clock in the mommg (wmter 
time) The limits of land and water were finally settled on that date by divme 
decree The marine fossils, inconveniently colleaed at great distances from 
the coast, were either deposited by Noah’s flood, mserted, where found, to 
test the faith of believers, or left there by itinerant merchants and armies 

ith a partiality for fish diet 

(’ontemporary with Hooke, Steno, a Dane (once professor at Padua), 
had, in 1(>(>0, issued a tract on Organic PetnficaUons within sohd rocks 
Steno recogm/ed fossils as remams of long extinct ammals, and argued in 
favour of an ongmally horizontal disposition of the sedimentary rocks The 
ideological temper of the dmes was not favourable to the birth of a new 
science Lyell remarks 

1 he theologians who now entered the field m Italy, Germany, France, and 
1 nghnd were innumerable and henceforward they who refused to subscribe 
to the posidon, thit all marine organic remams were proofs of the Mosaic 
deluge, were exposed to the imputation of disbelieving the whole of the sacred 
writings Scarcely any step had been made in approximatmg to sound theories 
since the dme ot Fracastono, more than a hundred years havmg been lost, m 
writmg down the dogma that organized fossils were mere sports of nature 
An additional period of a century and a half was now desdned to be consumed 
m exploding the hypothesis, that organized fossils had all been buried m tlie 
sohd strata by Noah’s flood Never did a theorcdcal fallacy, m any branch 
of science, interfere more seriously with accurate observation and the sys- 
tem a dc ciassificadon of facts 

Referring to the controversies which accompanied the birth of geological 
research in Britain, Lyell adds 
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The party feeling exerted against the Hiittonian doctrines and the open 
disregard of candour and temper in the controversy wih hardly be credited by 
the reader, unless he recalls to his recollection that the mind of the English 
pubhc was at that tune m a state of feverish excitement A class of writers 
in France had been labourmg industriously for many years to dimmish the 
influence of tlie Clergy by sappmg the foundations of the Christian faith and 
their success, and the consequences of the revolution had alarmed the most 
resolute mmds, while the imagination of the more timid was contmually 
haunted by dread of innovation as by the phantom of some fearful dream 
We cannot estimate the malevolence of such a persecution by the pam which 
similar insmuations might now inflict for although charges of infidelity and 
atheism must always be odious they were injurious in the extreme at that 
moment of pohtical excitement, and it was better, perhaps, for a man’s good 
reception in society, that his moral character should have been traduced, than 
that he should become a mark for these poisoned weapons 

In this passage Lyell refers specifically to a treatise which might have 
exerted less influence, if the times had been less propitious Hutton, whose 
Theory of the Earth (1788) was the first considerable excursion into the forma- 
tion of the earth’s crust, was one of the same group as Joseph Black, Francis 
Home, and Crawford m Edmburgh (pp 415 and 59(>) He belongs to the 
period when coal mining was asserting itself as a powerful mdustry in Scot- 
land Lyell remarks that 

tiub ireause was the first m which geology was declared to be in no way con- 
cerned with questions as to the origin of thmgs, the first in which an attempt 
was made to dispense entirely with all hypothetical causes and to explain the 
tormer changes of the earth’s crust by reference exclusively to natural agents 

The mam argument is summarized in the followmg quotation from tbi first 
chapter 

The heights of our land are thus levelled with the shores, our fertile plains 
are formed from the rums of the mountams and those travellmg materials arc 
still pursued by the movmg water and propelled along the mclmed surface of 
the earth These movable materials dehvered into the sea cannot for a long 
continuance rest upon the shore for by the agitation of the wmds, the tides, and 
the currents, every movable thmg is carried fartlier and farther along the 
shelvy bottom of the sea . But is this world to be considered thus merely 
as a machme to last no longer than its parts retam their present position, their 
proper forms, and qualities? Or may it not be also considered an orgamzed body 
such as has constitution m which the necessary decay of the machme is naturally 
repaired m the exertion of those productive powers by which it had been formed? 

We find marks of marme animals m the most sohd parts of the earth, 
consequently those sohd parts have been formed after the ocean was inhabited 
by those ammals which are proper to that fluid medium If therefore we knew 
the natural history of those sohd parts and could trace the operauons of the 
globe by which they had been formed we would have some means fot com- 
putmg the time through which those species of ammals liave contmued to live 
But how shall we describe a process w^ch nobody has seen performed? This is 
only to be mvestigated first, m exammmg the nature of those sohd bodies, the 
history of which we want to know, and secondly, ua examining the natural 
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operations of tlie globe in order to see if tliere now actually exist such operations 
as from the nature of solid bodies appear to have been necessary to their 
formation 

Hutton was chiefly interested m the fossil-bearing layers of the earth’s 
crust, now called collectively the sedimentary rocks, and his views recall the 
brilliant observations of Herodotus two thousand years earlier The ma)or 
factors to which he directed attention are (a) denudation^ 1 e the continual 
wearing away of land surface by wmd, ram, ice, and snow, (h) deposition of 
the loosened matter (sand, mud^ or gravel) carried by rivers and glaciers to 
the sea Thus the sea is contmually being hUed up by new rock masses The 
displaced water is contmually encroachmg on the land The sea floor is bemg 
raised to form new land and the land is bemg submerged to form a sea floor 
successively 

Emphasis on another class of natural processes which modify the structure 
of the earth’s crust was laid m the teaching of a new school of minin g 
technology, which grew up about the same tune m Germany Besides denuda- 
tion and deposition, the surface of the earth is changed by laval deposits 
of volcamc origm and by slow processes of foldmg or of upward or down- 
ward movement affectmg the whole thickness of the outer crust “The art 
of mming has long been taught in France, Germany and Hungary m 
scicnufic mstitutions cstabhshed for that purpose, where mmeralogy has 
always been a prmcipal branch of mstruction,” wrote Lyell m his Principles 
Werner, who m 1775 was made professor of mining at Freyberg m Saxony, 

directed Ins attention to the natural position of the mmerals m particular 
rocks together with the groupmg of those rocks, their geographical position 
and various relations, and pomteci out their apphcation to the practical pur- 
poses of mming They were instantly regarded by a large class of men as an 
essential part of their professional education and from that time the science 
was cultivated m Europe more ardently and systcmaacally In a few years 
a small school of mines, before unheard of m Europe, was raised to the rank of 
a great muversity 

Two other social agencies contributed to awaken mterest m the problems 
to which Hutton and Werner had directed attention m the latter half of the 
eighteenth century One is referred to m the followmg extract from the 
History of the Geological Society. 

The Agricultural Surveys of the Umted Kmgdom, of which reports were 
issued by the old Board of Agriculture, commencmg m 1794, stimulated enquiry 
into the soils and subsoils of the British Isles The report on Somerset, by John 
Billingsley (1797) contained much geological information, while The General 
Viezv of the Agntultiire and Aimer als of Derby shircy by John Farey (2 vols 
1811-13), IS a geological classic Farcy (176b-182(>) had been a disciple of 
William Smitli, although a somewhat older man than his distmgmshed master 
Wilham Smitli (1709-1839) had m the meanwhile been at work for some 
years, and in 1799 he had coloured geologically the old county survey of 
Somerset, and a circular map ot the country around Bath (the latter preserved 
m the Library of the Geological Soaety) 
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The name of Wilham Smith, a practical surveyor, draws attention to 
what was perhaps the most important debt which modern geology owes 
to the everyday life of mankind In Bntam a focal centre of practical geology 
was north St^ordshire Plot^s seventeenth-century treatise on the natural 
history of Staffordshire reminds us that the study of “The Earths’* m the early 
days of coal mimng and mineral prospecting m the colomes went hand in hand 
with practical chemistry which had not yet separated itself as a science or 
“pure” substances The juxtaposition of boulder clay and coal in the 
Potteries and the search for better clays m soudi-west England made the 
study of outcroppmgs and seams an issue of technical importance to an 
mdustry which ongmally owed its prosperity to a unique geological site and 
occupied a position (see pp 409 and 429) of pivotal importance m relation 
to aU the major themes of scientific research in the latter half of the eighteenth 
century 

Wedgwood, the Prmce of Potters, who was an equally important figure in 
the scientific and mdustrial renaissance of the period, frequently went for 
field excursions m geology with his friend Bendey As it happened, his indus- 
trial policy affected the subsequent history of geology more decisively than 
the search for clay and fuel In the early days of the Industrial Revolution 
one of the major commercial problems was transport, and this was specially 
felt m the Potteries, because their products were emincndy breakable The 
pottery owners, who were active m promoting the mtroduction of the railways, 
took a leadmg part in the Transport Revolution which preceded them, when 
the Trent and Mersey Canal was formed m response to a petition promoted by 
Wedgwood in 1763 

The rapid development of the English canal system involved a new social 
demand for large-scale surveymg, as did the growth of the railway system 
in the succeeding half century It also drew attention to the way m which the 
natural watercourses are formed William Smith, who did more than any 
smgle man to stimulate the systematic study of geology, developed a method 
for recogmzmg the order m which the various layers of the earth’s crust 
have been laid down and took the lead in studying the types of fossd remains 
characteristic of different sedimentary rocks Speaking of his contributions, 
Lyell says 

While the tenets of the rival schools of Frey burg and Edinburgh were warmly 
espoused by devoted partisans the labours of an individual unassisted by the 
advantages of wealth or station in society were almost unheeded Mr Smith, 
an Enghsh surveyor, published lus tabular view of tlie British strata m 1790, 
wherem he proposed a classification of the secondary formations m the west of 
England Although he had not commumcated with Werner, it appeared by 
this work that he had arrived at the same views respectmg the laws of super- 
position of stratified rocks, that he was aware that the order of succession of 
different groups was never mverted and that they might be identified at very 
distant pomts by their peculiar orgamzed fossils 

It was not wholly an accident that large-scale surveying for canal con- 
struction produced the “Tabular View” on which the seriation of the sedi- 
mentary rocks IS based, nor that geological research was specially developed 
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in Bntam dunng its early formative penod Canal surveymg demanded 
accurate measurements of natural phenomena which play no part m the every-- 
day life of urban commumties where saence is taught Town-bred folk take 
the map for granted, as they take the calendar for granted They have no 
first-hand acquamtance with shifting boundanes of land and water Those 
who are accustomed to country life will find it more easy to grasp the signi- 
ficance of WiUiam Smith’s itmeranes 

If you have ever drained a marshy wood you will have watched how the bed 
IS raised by gravel and mud washed down from the tnbutanes of a stream, 
how the presence of a log or a bunch of twigs will deflect its course leavmg in 
Its wake a mass of silt and vegetation, how a soft waste of mud with branches 
of trees embedded m it is lifted above the level of the stream and sets to a 
firm mass, or how masses of gramte are exposed by the flow of the current 
In canal construction man mutates locally on a small scale what is con- 
stantly happenmg m nature, when severe rains produce torrents which wear 
away new channels The circumstances which continually, though slowly, 
and otherwise imperceptibly, modify the aspect of the earth’s surface are 
forced on the imagmation with dramatic clarity 

By Itself this is perhaps less important than the fact that canal construc- 
tion m the British Isles mvolved surveymg an area m which there is a umque 
variety of rocks underlymg the superfiaal layers of soil Indeed it is hardly 
possible to find elsewhere the same vanety locahzed withm so small a space 
This made it possible to test the theory of orderly succession by denudation 
and deposition under specially favourable conditions In mining operations 
we see that the character of the rocks changes as we go deeper To get coal, 
for instance, we may have to go through successive layers of gravel and chalk 
Where the edge of a land mass has been worn away vertically, as at the 
face of a cliff, we may also be able to recogmze distinct layers, e g of chalk 
overlying green sand or old red sandstone While diese appearances may 
convey the suggestion that a definite order of succession exists — as, for 
mstance, that chalk was deposited after the coal measures — they provide 
meagre materials for testing a regular order of the various types of rock 
which made up the earth’s crust If the arrangement of fossil-bearmg rocks 
has been brought about by the natural processes of denudation and deposi- 
tion, we should expect that some regions will have been submerged repeatedly 
while others have been slowly wearing down So we should not expect to 
find successive layers corresponding to all the various types of sedimentary 
rocks at any one place 

The proper test of such a theory is the relative positions which the various 
classes of rocks occupy where they are brought to the surface by denudation 
The accompanying figures illustrate the general principle involved m its 
simplest manifestation An upland where the subsoil is chalk is surrounded 
by a depression where the subsoil is coal If digging shows that the level of 
the strata is horizontal, we conclude that the chalk is a later deposition 
Thus the first prerequisite for testing the theory, the vahdity of which rests 
on the consistency of aU such appearances, is the production of a map showmg 
contours and subsoils of an area m which a great vanety of surface strata can 
be found together (Figs 446, 447, 447 a), 




Fig 446 — Denudation and Deposition 


A shows an old land surface The underlying sedimentary rocl<s, laid down long before^ 
when this region was under the sea, have become folded by earth movements Along 
two planes, / and /, the strata have become broken across or faulted^ and the rocks 
between these faults have shpped downwards relauve to the rest of the land X^ollow- 
ing these subterranean disturbances, the agents of denudation, weather, and rivers, 
have worn down the land surface mto a relatively fiat coastal plain, on which diverse 
strata are exposed 

In By the whole region has sunk, the sea has reached to the mountains, and a new 
series of sedimentary rocks has been deposited on its bottom, and lies m horizontal 
layers, as yet undisturbed by earth movements They are separated from the older 
sedimentary rocks by an unconformity correspondmg with the old land surface In C, 
the sea has agam retreated, and denudation of the new sedimentary rocks is already 
beginning 


geologist, Greenough, about the same time That of Smith, however, was 
xicher m detail, and it was Smith who first drew attention to the faa that 
diSerent rocks have different fossil types 
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If the sedimentary rocks are built from material derived from the wear 
and tear of wind and ram, land surfaces in one region are worn away while 
others are accumulating new deposits So no geological “formation*’ can 
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tiG. 417 — iHL SlRIAL ORDtR OF STRATA 


"Ihc serial order ot the stiata in the earth’s crust is elucidated by combining three 
main sources of infoimation (a) the distribution or outcrop of the different rocks 
(c g chalky coal, shale, sandstone) immediately below the sub-soil, as exhibited m 
a geological map, like that in the middle ot the figure, (Jb) the relief of the surface, 
and the \eitical cle\ation of the different outcrops, (c) the dtp or mclination of the 
stiata to the horizontal, in exposures which enable the strata to be seen m section 
In the case here illustrated the strata are horizontal, so that the question of dip does 
not arise hour superimposed stiata are shown Erosion w’here the land surface has 
been worn away by rners or glaciers (as at A and C), or a nver-dramed inland lake 
at B, will expose different strata aceordmg to the depth of denudation If the strata 
are horizontally pi iced, the oldest exposed rocks will be those at the surface m low- 
lying country, and the newest will be those at the surface on the uplands 
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Fig 447a — Surface, Structure, and Succession 

Although some informauon may be obtamed from deep mining, or from boiings, 
much of the work of the systematic geologist is an attempt to translate the outcrop 
of strata on the surface mto terms of geological structure and succession Both strata 
and surface are rarely flat and horizontal as m a More commonly the strata slope at 
an angle to the horizontal called the dip Then if the surface is flat and horizontal, 
the outcrops follow each other m bands, the newer rocks showmg towards the direction 
of dip (6) The regular sequence may be disturbed if the land surface is undulaung 
(c), or if the strata are folded (d) In either of these simple cases a stratum may crop 
out on both sides of a fold Where the axis of rock folding itself slopes (e), a zigzag 
outcrop IS produced if the ground is level Recumbent folds (/) produce an apparent 
reversi of the succession over a small area, and the true order is only discovered 
when outcrops further afield arc taken mto account, or when deep borings arc made 
Faulting m the same plane as the dip {g) may displace the outcrop, and faultmg across 
the dip may repeat the outcrop (/i) or eliminate part of it, according to whether the 
“downthrow” is up the dip or down By graphic reconstruction from outcrop, surface 
contours, dip measurements, and other data, the geologist is able to deduce with 
some certamty the underlying structure and succession, m spite of these, and many 
other, compheatmg factors Charactensne fossils are useful to him as labels attached 
to parucular layers over a wide area This does not, as is sometimes supposed, mvolve 
a circular argument The succession of fossils is detemuned m a number of places 
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be world-wide Diagrams (bke Fig 449), showmg the relative ages of the 
sedimentary or fossil-beanng layers of the earth’s crust, do not correspond to 
a vertical seaion at any single place The names which they bear do not stand 
for a single type of rock recogmzable by its texture or composition as such 
While vegetable refuse is forming a hard cake near the estuary of a nver, fine 
silt may be raismg the sea-level beyond In England the mountam limestone 
of the Pennmes, the massive rocks once famous for making millstones and 
grmdstones and hence called by the quarrymen “Millstone Gnt,” together 
with the coal seams, make up a threefold interlacmg system of contemporary 
deposits This whole system of swamp cake and sea gnt accumulatmg here 
at one time, there at another, corresponds to the smgle slab of time called the 
Carboniferous or Coal Age The relative ages assigned to rocks at different 
depths in one and the same place and to rocks near the surface at different 
places is based on surface surveys, and on expenence denved from mme 
shafts, from quarrying, and from the aspect of steep cliffs What rocks are 
truly contemporary transpires only as a more or less coherent picture unfolds 
from the combmation of evidence from all sources 

Certam regulannes are mescapable In England, for mstance, the complex 
carbomferous system of millstone gnt, Pennme hmestone, and coal seams 
lies m many places between thick crusts of “New” and “Old” Red Sand- 
stone, respectively above and below it Elsewhere coal lies directly covered 
with marine deposits of chalk which may itself he directly above layers of 
New Red Sandstone {Permian)^ where no rocks of the carbomferous system 
are present Thus the English chalk assigned to the Cretaceous age is a newer 
deposit than the New Red Sandstone The latter m its turn is newer than 
the coal, and the Old Red Sandstone (Devonian) is older than all three 
Between Hutton and Darwm a century was occupied with the task of 
sorting out the pieces of a gigantic )igsaw puzzle Aii Itahan contemporary 
of Hutton recogmzed a broad division of three systems of rocks, a primary y 
deepest of aU, a secondary or middle, and a tertiary or more superfiad group 
Smith himself traced the succession of secondary beds severally formed 
between the coal age and the chalk age Thirty years later Lyell and a French 
geologist, Deshayes, divided the newer or tertiary beds mto Eocency Miocene 
(“less recent”) and Pliocene (“more recent”) levels, while Sedgwick traced 
out the lowermost level of fossil-bearing rocks He called it the Cambrian 
because the slates and grits which he near the surface m North Wales are 
assigned to it 

When the sedimentary rocks are arrayed m chronological sequence they 
make up a total deposit of about 400,000 feet Direct observations on the 
accumulation of silt at deltas show that an immense period of time must 
have mtervened smee the first livmg creatures hved on earth We can measure 
the exact amount of sediment which has been added to the neighbourhood 
of Memphis since the reign of Rameses II From this, the rate of deposition 
by the Nile is found to be 2 feet in a thousand years At this rate about 200 
niilhon years would elapse while 400,000 feet accumulated It is now possible 
to get two different historical estimates which agree closely The radium 
atom(p 498) IS unstable It con tmually gives off mmute quantities of helium, 
and Its final disintegration product is lead The rate at which it dismtegrates 
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IS known from laboratory observation, and the quantiues of radium, lead, 
and hehum imprisoned m different strata can be determined by direct 
analysis The ratio of radium to helium or radium to lead thus gives a measure 
of their antiquity By both methods the end of the Cambrian period is dated 
at 400,000,000 years with a discrepancy less than 2 per cent The middle of 
the coal age occurred 250,000,000 years ago The chalk age occupied 
40,000,000 years, and began about 110,000,000 years ago (Fig 449) 

Srmth collected and classified the fossils he found in coal, m quarries, in 
clififs, and m gravels, notmg which types of shells were common, and which 
were pecuhar to different types of rock In 1799, when he had completed his 
preliminary survey of the chief formauons from the coal measures to the 
chalk, he had reached the conclusion that the suites of fossils at different levels 
^‘always succeed one another m the same order ’ Thenceforward a new 



Pig — luE Remains oi a Giant SALAMANObu Uneartiild tn 1726 

SY SCilEUCHZER OF ZURICH 

Ii IS described irf his monograph as “Homo Diluvii Tesus” {Man, Witness to 

the Deluge) 


systematic study of fossil animals and plants was vigorously prosecuted, 
especially in France and m England 

The result was the recogmtion of an orderly pageant of hvmg creatures 
embodied m what is called the Principle of Successi n The prevailmg amtude 
which had been adopted under the influence of Chnsuan cosmogony durmg 
the previous century is illustrated by a figure in an early treatise on fossils 
by Scheuchzer, who m 1720 unearthed the bones of a giant salamander 
The remams of this species, closely alhed to the extant Japanese Crypto- 
branchiis japontcusy abounds m the Upper Miocene of Switzerland (Fig 448) 
The figure of his specimen called Homo diluvn testis by Scheuchzer bears a 
motto, which is translated 

Oh, sad remains of bone, frame of poor Man of sm, 

Soften the heart and mind of recent sinful km 

The geological succession of orgamsms is demonstrated by two classes of 
data The first u that many of the more highly specialized and successful 
groups of the present day did not exist at earlier periods of the earth s history 
They were preceded by forms which are mtermediate between them and 
representatives of surviving groups that already existed before them 
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Fig 449 — The Geological Hour-glass 

As set forth by Holmes m The Age of the Earth The Pleistocene and Recent periods, 
since the begmmng of the Ice Age, are represented by the thickness of the top line of 
the diagram. 
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The second is that the earUest members of the great groups usually exhibit 
a more generahzed type of structure than that of existing types Adequate 
material for drawing such conclusions is provided only by forms which have 



Fig 450 — Remains of Archaeopteryx Preserved in Shale from 

SOLENHOVEN, BAVARIA 


resistant structures such as Vertebrates, Arthropods, and plants with woody 
fibres 

The earhest Vertebrates of the rocks are the Devonian Ostracodermsy well 
preserved forms, whose structure resembles that of the lampreys That is to 
say, they were fish-like forms which had not as yet developed paired limbs 
Amphibia, the least speciahzed for terrestrial existence, abound early in the 
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coal age, appearing just before it begins Reptilian types emerge late m the 
coal measures Mammals are found at the end of the Tnassic, and pnmi- 
tive birds m the Jurassic period which succeeds it In the first true fishes 
there were heavy “ganoid” scales hke those of sturgeons and the fins were 
supported by an extended axis corresponding to the shaft of the limb in a 
land vertebrate Early ganoid fishes like Sauripierus have many pomts in 
common with the lung fishes of today. The bones of their limbs and the 
structure of their skulls were intermediate between the corresponding parts 
of modern fishes on the one hand and land vertebrates on the other 
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Fig 451 —Fore Feet of Extinct Horses 


A, the oldest, bved in the Eocene period B is more recent, and C hved just before the 
Ice Age, and fairly closely resembles our modern horses in structure 


Through the South African Triassic reptiles (Theromorpha) of the Karoo, 
an unbroken senes of forms link up the head, limb girdles, and vertebral 
column of the ancient amphibia known as Stegocephah to the more highly 
specialized structures of the mammals The series linkmg the reptiles to the 
birds IS less complete, but there are defimte foreshadowmgs of the avian 
limb structures m the earlier Dinosaurs, a fossil order of reptiles One 
missing link, beauafiiUy preserved m the Bavarian shale, has many striking 
reptihan features (Fig 450) The forelimb has three complete clawed 
digits with the normal number of phalanges (compare Fig 444) There was 
a long tail like that of a hzard The skull had teeth and distmct sutures A 
covermg of feathers, however, leaves no doubt about the faa that Archaeop- 
teryx was the authentic early bird. 
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In the Arthiropod series the carhest class to become dommani was the 
extmct Palaeozoic and very generahzed group, the Tnlobites They were 
exclusively aquatic like the majority of modem Crustacea Crustacean types 
first emerged m the Cambnan Winged msects and land Arachmds like land 
Vertebrates first appear abundantly m the coal measures A more generahzed 
group of aquatic Arachmds with some Tnlobite features or orgamzauon 
(Euryptends) already existed early m the Palaeozoic 





The earliest representatives of the phylum Arthropoda found m the oldest sedimentary 
rocks are the Tnlobites, a group w-hich partake of the characteristics of all the more 
specialized classes which evolved later Thus they have a single pair of feelers like 
insects, bifid swimming limbs like Crustacea, and no specialized mandibles or biting 
)aws such as are present in insects and Crustacea but absent in the arachnids The 
principle of succession is well illustrated m Tnlobites, owing to the fact that all parts 
of the body are enclosed m a hard case which readily leaves its impression on the 
sediment where it Ues or becomes fossihzed 


The Tnlobites were forms with a head bearing five pairs of appendages 
and a large number of trunk segments All the latter were ahke, as m Myria- 
pods There was one pair of appendages m front of the mouth, and as m 
insects and Myriapods, this pair of appendages was antenniform The 
trunk limbs were all two-branched or btramous^ as are the swimmmg legs of 
most Crustacea, the abdommal limbs of the aquatic Arachmd Limulus and 
the masticatory appendages of msects. All the trunk appendages had basal 
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segments like the masticatory bases (“gnathites”) of the anterior appen- 
dages of Arachmds As m Arachmds, no pair of appendages is exclusively 
subordinated to masticatory activity as are the mandibles of msects. Myriapods 
and Crustacea Thus the Trdobites agree with Arachmds m havmg no man- 
dibles, with insects and Myriapods m havmg one pair of feelers or antennae, 
and with Crustacea m the biramous character of the tnmk appendages 
(which are presumably for swimmmg) 

So the predommant group of the Arthropod phylum at the time when 
the first representatives of any extant groups make their appearance, was a 
group of species which combme the structural characteristics of all existing 
groups The preservation of the Trilobites is so perfect that we know as much 
about the external anatomy of several genera as we do about that of any 
extant representative of the Arthropod phylum The earhest Arachmds 
(Eurypterida) to become predominant are far more like the Trilobita than 
are many of the later and now predommant representatives of the same 
class The Kmg Card, Limulus, is the sole survivmg representative of an 
order of Arachnids closely allied to and contemporary with the Euryptends 
An aquatic scorpion Palaeophonus, intermediate between modem scorpions 
and Euryptends, occurred before the Carboniferous Then came typical 
land Arachmds with remams in the coal measures In the Carbomferous, 
insects are abundant, whereas the Myriapods, which may be looked upon as 
mtermediate m many respects between Trilobites and Insects, go back to 
much earher rocks 

Just as the earliest Vertebrates and Arthropods were aquatic, the earhest 
land plants were serm-aquatic species like ferns and horsetails Extmet 
ferns mclude species which bore seeds and thus bridge the gap between the 
Cycad palms and the earher type of fem which survives to the present day 
Gymnosperms preceded flowermg plants, and among the fossil Cycads were 
species with hermaphrodite cones which are not a far cry from cone-hke 
flowers of an archaic type charactenstic of the modern ornamental genus 
Magnolia 


THE PRINCIPLE OF DISTRIBUTION 

The principle of succession, which emerged with mcreasmg force as the 
chronological order of the sedimentary rocks was estabhshed, and as their 
fossil relics were unearthed durmg the first half of the mneteenth century, 
showed that the gaps between the well-defined classes of hvmg creatures are 
filled m by mtermediate forms which hved on this earth m past epochs 
Different species of animals and plants have hved at different times m the 
past Different speaes of ammal and plants hve m different places today 
The geological record shows that fossil representauves of a group are usually 
more alike, if they belong to the same strata, 1 e they are more alike, if they 
lived about the same time A correspondmg gener^zanon is broadly true 
about related species which live m the same geographical region For mstance, 
all the species of the kangaroo femily hve m Austraha, and all the species of 
the Armadillo family hve m South Amenca 
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The Scorpion family provides a good illustration of the fact that geo- 
graphical propmqmty is generally associated with greater similarity of 
structure Six famihes of Scorpions are commonly recogmzed If we exclude 
the neighbourhood ol the Suez Canal and a small part of Morocco, only 
two famihes, the Scorpiorndae and the ButhidaCy are represented on the 
African conunent Species belongmg to both these famihes are also found 
in Asia south of the Himalayas, in Australia and m Central and South 
America In the remotest part of the African contment, the Cape Pemnsula, 
the Scorpiorndae are represented by one genus, OptsthophthalmiiSy and the 
Buthidae are represented by three genera, UroplecteSy Parabuthus and Buthus 
Opsthophthalmus and Uroplectes do not extend north of the Equator Para- 
buthus extends beyond the Suez into Arabia, and Buthus ranges over South 
Asia None of these four genera contains species found in Australia or 
America The Cape species of Scorpiorndae belong exclusively to a genus 
which has no representatives north of the Great Lakes The Cape species 
of Buthidae belong to one genus which is exclusively South African, to one 
genus with species in the part of Asia nearest to Africa, to one genus with 
species distributed throughout South Asia, and to no genera with American 
and Austrahan representatives 

While belief m special crcaaon was prevalent, the only explanauon offered 
for the connexion between geographical propmqmty and structural simi- 
larity was that ammals and plants have been placed by Providence in the 
stauon of hfe to which they are best fitted Colomal enterprise and horti- 
culture both show that this is not necessarily true At the begmnmg of the 
nineteenth century there were no rodents in Australia, where the rabbit has 
become a proverbial pest A few blackberry seeds transported to New 
Zealand sponsored a blackberry plague which is a serious agricultural 
problem less than two centuries have elapsed since commerce with New 
Zealand began There were then no mdigenous mammals on the islands, 
where twenty-five imported speaes arc now hvmg freely m tlie wild state 

Explorauon and new amcmties of transport during the imperial expansion 
of the mneteenth century provided new opportumties for examining other 
circumstances associated with the fact that related species five m restricted 
locahties The two most obvious are (a) the ease with which different groups 
of species can travel, on account of their locomotory organs or devices for 
seed dispersal, and {h) the physical obstacles which they encounter m spreadmg 
far afield In general, groups of species which can most easily surmount 
barriers of ocean, mountam or desert spread themselves over wider areas 
While bats are cosmopohtan, terrestrial mammals and Amphibia (frogs and 
salamanders) are not found on islands separated by a wide stretch of deep 
water from the mamland 

The great traveller naturahsts of the mneteenth century made a close 
study of island faunas, and compared them with the faunas of the nearest 
adjacent land The ammal and plant populations of some islands are made 
up mostly of species which also live on the nearest adjacent land areas Other 
islands are populated almost exclusively by species which are endemic^ i e 
are not found elsewhere Islands of the first class are generally near the mam- 
land and are not separated from it by a great depth of ocean Islands of the 

2H 
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latter class, called oceanic islands, are separated from the mainland by a great 
depth of water They may be volcamc, and if so have never been connected 
with the adjacent land area, or they may have remamed separate from it for 
a long period of geological time The Cape Verde Islands off the west coast 
of North Africa are volcamc islands New Zealand, which is separated by a 
deep channel from the Austrahan land mass, appears to have been separated 
from It m Jurassic times 

The foUowmg tables taken from Romanes, a contemporary of Darwm, 
are still representative St Helena, Galapagos Islands and the Sandwich 
Islands are typical oceamc islands separated by a great depth of water from 
the mainland In glacial times the Bnush Isles connected with the mainland 

A PECULIAR OR ENDEMIC SPECIES 
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of Europe I'he British Isles mclude about a thousand islands large and 
small St Helena is a smgle volcamc rock 

dhe geological record furnishes one clue to the meamng of this contrast 
We know that the species which now hve m Europe have changed very httle 
smee glacial times, when the shallow channel between Britam and the main- 
land was estabhshed In other words, many Bntish species are still identical 
with European species which already existed when Britam was still part of 
the European mainland The vastly deeper channel which separates New 
Zealand from Austraha pomts to a much longer period of isolation. So fewer 
existmg Austrahan species are identical with species which existed when New 
Zealand was pait of the same land mass Of 1,040 species of New Zealand 
butterflies, 03 are Austrahan, 24 are cosmopohtan, and the remammg 
91 per cent are endemic 

Colomal experience furnishes a second clue to the peculiar faumstic 
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features of oceamc islands Carnivorous mammals^ such as stoats ai^d foxes, 
which prey on rabbits elsewhere, do not exist in Austraha. Circumstances 
which would contnbute to their cxtmction in other regions were therefore 
lacking, and they multiplied accordingly Conversely the inti eduction of new 
predatory speaes by colomsts has resulted m the rapid extinction of pre- 
existmg species, like the Dodo Animals brought at rare mtervals by drifting 
logwood and seeds dropped by birds can multiply on volcanic islands without 
competition from predatory speaes on the mainland So they may survive 
m their new surroundmgs, while their relaaves on tht adjacent mainland 
are makmg way for other speaes 

Families (eg Scorpiomdae) generally have a nr ore widespread distribu- 
tion than the genera (eg Opisthophthalmus) placed m them, and include 
speaes which have been separate for a longer period of geological time than 
species placed m a single genus So speaes placed m different genera of the 
same family have usually had a longer penod for spreadmg far afield than 
speaes placed m the same genus In short, all the facts of the geological 
record and of geographical distribution pomt to the same conclusion New 
species are contmually appearmg and old ones are contmually extinct Four 
years before Darwm’s first book appeared Wallace summed up the known 
facts about distnbution m time and space at the conclusion of his paper 
entitled On the Law which has Regulated the Introduction of New Species 
every species has come mto existence comadent both in space and time with 
a pre-existmg closely allied speaes 

THE THEORY OF NATURAL SELECTION 

Wallace and Darwm, to whose restatement of the matenahst view the 
prestige which evolution now enjoys is largely due, were primarily pre- 
occupied with the panorama of hvmg creatures disclosed by the great advances 
m exploration dunng the preceding century To the question why do some 
types exist only m one place and others only in a different locality, their 
answer was that species unable to survive m competition with others have 
disappeared, makmg way for those more suited to the matenal conditions 
In other words, the barriers of ocean, currents, mountam ranges, and the 
like, perform the same function as the wire netting or fence by which the 
stock-breeder perpetuates pure varieues That such pure varieties arise in 
nature as sports or “mutations” which breed true to type when mated inter se 
was inferred from the experience of the breeder, horticulturalist, and fanaer 
Today it is attested by laboratory experiments under controlled conditions 
described m the next chapter 

Both Darwm and Wallace evaded the distmcuon between the separation 
of locally distina varieties and species m the Lmnaean sense They seem to 
have assumed that when two vaneties are separated by a sufficiently diverse 
assemblage of charaaeristics they become mter-sterile, and constitute distinct 
breeding units In the hght of closer acquamtance with evolution m the field 
and with mutation m the laboratory we can now see that this assumption was 
gratuitous True species which do not mter-breed and differ very shghdy ijx 
their characteristics may, and often do, occupy the same locahty For m- 
stance, anyone may see several species of the genus Geranium (Herb Robert, 
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etc ) growing together on a Devonshire wall, several species of Veronica 
(speedwell) mixed up m a roadside ditch, or the two species of Woodbine 
(convolvulus) growmg mterrwmed m a hedge in Herefordshire 

Since we now know that mutations which are inter-sterile though fertile 
when mated to the parent stock arise in experimental cultures of ammals 
and plants, this criticism which was rightly advanced by some of Darwm’s 
critics need no longer prove an obstacle to the common-sense view that the 
unity of type m hvmg creatures, the record of the rocks and the pecuharmes 
of geographical distribution are the outcome of descent from common 
ancestors by the natural process of generation and the continuous extinction 
of forms winch cannot survive the contmually changmg condiuons of life on 
earth 

PLANNED ECOLOGY 

The theological temper of the controversy which raged when Darwm’s 
views were first published concentrated attention on the problem of man’s 
past The vindication of the scientific outlook, which was the outcome of 
the struggle, was a momentous achievement It is doubtful whether organized 
religion will ever regain the power to obstruct the advance of knowledge 
Today a more important issue which emerges from the evolutionary doctrine 
is the future of man as a guidmg and directing agent m the process 

The evoluuomsts of Darwm’s time emphasized the way in which compe- 
tition between species m large geographical areas affects their distribution 
durmg long periods of geological time The study of smaller and more 
homogeneous umts of habitat durmg shorter periods draws attention to 
their mterdependence Withm any restricted geographical area we encounter 
well-defined asscmbhes of species hving together m a more or less stable 
pattern, and similar associations may be found m widely separated regions 
Beneath the stones of a garden rockery m Manchester or Montreal, m 
Camberwell or in Cape Town we find much the same collection made up of 
local species of the same famihar types, such as millipedes, centipedes, beetle 
mites, snails and ground beetles Similar herbs are found m the undergrowth 
of an oak-birch wood m different parts of Bntam and are characteristic of 
the same association All the species which make up a relatively stable associa- 
tion can be placed m groups which depend for their existence on others 
Unrestricted compeution is only possible between species withm a single 
group The complete ehmmation of all species in one and the same group 
would brmg disaster to the commumty as a whole 

A terrestrial life commumty or ecological system such as the population of 
a garden rockery consists of green plants and mtrogen-fixmg soil bacteria 
converting the inorgamc constituents of the soil and atmosphere mto orgamc 
matter, herbivorous animals and fungi living at the expense of hvmg and dead 
plants, carmvorous and parasitic ammals hvmg on the remams of both larger 
carmvora and herbivora, putrefymg bacteria and saproph5aic fungi hvmg on 
the dead bodies of all these, and mtrifying bacteria convertmg the simple 
orgamc mtrogen compounds liberated by putrefacuon mto mtrates for the 
use of green plants At any level m this closed cycle of chemical synthesis and 
disintegration several species compete for the means of survival, and every 
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species depends for its survival on the activities of others Without putrefying 
bacteria the soil would become exhausted, and incapable of sustaimng green 
plants Without green plants herbivorous animals would die off, and carm- 
vorous species would be deprived of their prey Hence mtelhgent intervention 
of man as a directing agent m the evolutionary process demands an mventory 
of all the species with which man competes and all the species on whose con- 
tinued existence his own depends The vast assemblage of classified material 
which tlie museums of the world have contributed to our present knowledge 
of the evolutionary drama is the necessary prelude to a planned ecology of 
mankind 

In establishing himself as a world-wide species man has brought into 
being a world-wide ecological system with htde prevision of his own power 
to direct the future course of evolution While he was naturahzing the dog, the 
sheep, wheat, the silkworm, the horse, and the potato on all five contments of 
the earth, he took no stock of the prospect which evolution now unfolds The 
vast wastage of natural power by blind compeution between multitudes of 
species which are mdilierent to human requirements need not continue, if 
man now apphes bis scientific knowledge to a deliberately planned project for 
elmimatmg species which compete with him for the means of satisfacuon, 
conservmg only tliose which— -directly or indirectly — contribute the means 
of food, of shelter, ornament, and a pleasing prospect 

Extensive social control of productive activities is an essential condiuon 
The outstandmg technological problems may be mdicated under four 
mam headmgs The first is how to control the physical agencies which 
limit the survival and quahty of species which subserve human needs The 
second is how to destroy competmg speaes which do not subserve human 
needs The third is how to preserve edible speaes The fourth is how 
to improve the quahty of propiDous species by selection of smtable varieues 
This will be desdt with m the next chapter 

Any ecological system ultimately derives its character from the chemical 
constituents of the sod and such physical conditions as hunudity, hght, and 
heat Reference to the chemical constituents has already been made m the last 
chapter The mcreasmg part which the new knowledge plays m the social 
practice of mankmd is illustrated by the fact that the amount of mtrates used 
m agriculture was trebled between 1903, when the only sources were natural 
deposits, and 1928 when half the world output was prepared synthetically 
from atmospheric nitrogen During the decade ending in 1926 the world’s 
export trade m phosphates mcreased by 50 per cent The addition of potash 
fertdizers has mcreased the monetary gam on citrus trees by £30 an acre 
The use of lime and phosphatic fertihzers has opened up a large area of 
200,000 acres of almost desert land m south New Zealand at the cost of £7 
per acre 

Tracts of heathland in Cornwall, where the low moor vegetauon is due 
to lack of lime alone, have been made to yield magmficent crops of com, 
seeds, and roots by the addition of sea-sand, which is rich m calcium on 
account of shell fragments Phosphate excess, which has led to failure of 
fruit and root crops m Devon, can be completely remedied by the apphcation 
of potash Reference to the preservation of hvestock in regions with a low 
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calcium or iodine soil content has been made in earlier chapters Another 
example is bush sickness in New Zealand, a form of anaemia due to iron 
shortage It can be remedied successfully by addition of iron to the diet 
Dopmess m sheep, which, hke rickets of pigs, is a calcium deficiency disease, 
can be remedied by an extra calcium ration 
One important general appheauon of chemistry to human ecology is 
the enormous effea on the quahty of pasturage produced by mtrogenous and 
phosphate dressings The mtrogen requirements and protem content of 
diflerent speaes of grasses vary considerably The best and worst annual 
meat production per acre of pasture m Bntam is staled by Stapledon to be 
in the ratio of J to 20 By suitable balance of the mineral constituents of the " 
soil we can encourage the muluphcation of good grasses (high protem con- 
tent) at the expense of poor species, and the combination of rotational grazing 
with nitrogenous dressmgs is now revolutiomzmg grass husbandry High 
phosphate content favours the selection of clover at the expense of grass, 
and thus raises the protem content of the hay 
Concerning the physical agencies which limit the survival of species 
humidity has been mentioned first The last century has seen large tracts 
m America converted from desert to rich fnnt-growmg areas by irrigation 
projects Elsewhere, especially m Bntam, draimng of water-logged areas 
offers considerable prospects for crop production and grazing Of late years 
attention has been paid to the conquest of drought by usmg deep-rooted 
crops, such as lucerne and maize Lord Blcdisloe remarks that scientific 
mvestigation m Utah 

in conserving soil moisture by the systematic cultivation ot alternating crops 
of wheat and lucerne, m and areas with an annual rainfall not exceeding six 
inches, and m de-alkaiinizing salt-poisoned land, rendermg it available tor 
market-garden crops and fruit, has received all too small public recognition, 
but It has, nevertheless, taken m conjunction with wheat research m Canada, 
contributed materially to the growmg consciousness that the world can con- 
tinue to mcrease us population at the present rate for at least another century 
without any nsk of food shortage 

A highly important development m connexion with drought is the discovery 
of ensilage, i e the techmque of storing green fodder m a moist c ondition 
without putrefaction For land reclamaaon the natural hybrid grass Sparttna 
Totonsendu provides an example of biological control It grows rapidly even 
when deeply submerged, coUectmg tidal silt and thus promoting land 
accretion 

Of temperature and illumination as physical agencies limitmg the survival 
of species we are only beginning to gam and apply scientific knowledge 
Glasshouse protection of food plants has played an mcreasmgly important 
part in food production during the last half century With the cheapening ot 
manufactured commodities the cloche system has extended the growmg 
season for vegetables, now cultivated by allotment holders for mdividual use 
In Scandinavian countries it pays the farmer to mstal central -heatmg for pigs, 
thereby reduemg the requisite food ranon by 20 per cent Even m the time 
of Ricardo it should have been possible to see how mechanical invention 
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would increase the return on food production by increasing the a^vailable 
sources of heat and light A very recent empirical discovery concerning the 
influence of the latter may turn out to have much wider application now 
that a scientific explanation is available Winter egg production in fowls 
can be stimulated by exposure of the birds to electnc light suflicicntly to 
make it a commercially paying proposition This appears to be because the 
pituitary gland, which secretes a hormone regulatmg the ovary, is reflexl> 
activated by hght at the red end of the spectrum 

The systematic destruction of speaes which compete with man is an 
essentially new feature of human ecology Aside from trappmg and hunting 
vermin, mankmd accepted the providential dispensation which permitted 
moth and rust to corrupt, till the systemauc study of plant and animal speaes 
unravelled the life histones of the common parasites and pests Dunng the 
last half century the successful application of this knowledge to the elmunation 
of species which parasitize or devour crops, hvestock, garden plants, or 
human beings themselves, provides many spectacular illustrations of the 
social importance of a complete inventory of hving creatures Selective 
ebmmation of species can be accomplisned by various methods, of which the 
most important are regulation of the physical envuronment, segregation, 
specific poisons, and hyperparasitization 

The first depends on the fact that ph>sic:a] conditions make speaes more 
or less resistant to attack For instance, the rust fungus which infests hollv- 
hock grown m potassium deficient soils does not readily establish itself if 
a dressmg is added to the soil Munro has recently investigated the 
destruction of forest trees m New Zealand by wood w^asps The real diet 
of the wood wasp, like that of some other insects which appear to hve on 
wood, IS the fiingi which mtest it Such fungi do not flounsh in the trunk 
of trees unless they grow in water-logged soil So draining the soil depnves the 
wood wasp of Its means of existence 

Under the term segregation we may include the simple apphcation of 
precise knowledge of the life histones of parasites Many parasites are 
heteroeaousy i e they spend part of their hfe cycle in the body of one host 
species and the remainder in another For mstance, the micro-orgamsms 
which are responsible for raalana and yellow feve* alternately mfect the 
mosquito and man The micro-orgamsm which produces sleepmg sickness 
(trypanosomiasis) alternates between man (or cattle) and the Tse-tse fly 
The parasitic flat worm (liver fluke) which produces hver rot m sheep breeds 
one generation m the kidney of the pond snail The pork tapeworm, as its 
name suggests is transnutted to man by eatmg the flesh of the pig The thread- 
worm Ftlartay which is responsible for the dread tropical disease called ele- 
phantiasis^ starts Its life m a mosquito The bacillus of bubomc plague is 
earned by the flea to rodents or human bemgs which it bites 

When the life history of a heterocaous parasite is fully known the means 
of extermmating it can often be accomplished by segregation of the mter- 
mediate host For mstance, drainmg marshy land keeps down mosquitoes 
and pond snails, hence restnetmg the ravages of malana, yellow fever, or 
liver rot. Some parasitic plants have different hosts at different stages of a 
smgle life cycle One of the wheat rusts is heteroecious It spends part of its 
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life-cycle as a parasite on the barberry By removing the intermediate host 
from wheat-growmg areas, a policy adopted extensively m America, the danger 
of mfection is practically stamped out In North Dakota this has resulted 
in the saving of eighteen milhon bushels m ten years 

A fata] disease of poultry known as gapes is due to a nematode which 
normally infests turkeys and does not seem to do them much harm By 
keeping poultry away from turkeys the danger of contracting the disease is 
enormously reduced The menace of the clover seed midge has been ehmi- 
nated by cuttmg the first hay crop ten days earlier, thereby preventing the 
msect from completmg its growth 1 he corn borer and tlie cotton bqll-weevil, 
which was responsible for a loss of 500, 000, 000 dollars m the Umted States 
durmg 1921, could be stamped out if the dead stems were not allowed to 
stand dunng winter In Texas, with the co-operation of a population of 
160,000 persons and the destrucuon of 40,000 summer-fruiting trees with 
the consent of their owners, who were m many cases not personally affected, 
the Mexican fniit-fly pest of citrus has been eradicated Tlus was achieved by 
doing away with all other fruit growmg m citrus areas and restricting die 
fruit-beanng penod of the atrus trees, so that the insect cannot survive the 
period between successive fruitmg seasons 

The elmimation of harmful species by chemical control is illustrated in 
the latter part of the followmg passage from Emd Charles’ book, The Twilight 
of Parenthood 

We are only begmnmg to realize the magnitude of wasted effort which arises 
from witless competition between man and those orgamsms which are described 
as weeds, pests, or parasites Tentative estimates of the total losses which agri- 
culture sustams from the last two have yielded a figure of the order of per 
cent Such a figure based on destruction of crops and stock by known pests and 
parasites probably represents a small fraction of the total loss meurred, partly 
because it is based upon the damage done by specific agencies such as potato 
virus or wheat rust rather than non-specific agencies such as wireworms or 
slugs, and also because the loss through destruction of crop and stock may be 
small compared with the reducuon of quality in what is not destroyed, a fact 
which has been brought out especially in connexion with apple diseases 
Although the effect of the common plant bug, known as tlie leaf-hopper, on 
pasture quality cannot be detected by the naked eye. Professor Osborn has 
shown that when leaf-hoppers are excluded two cows can be kept where 
there was barely enough for one A few illustrative data concermng losses may 
be cited The destrucuon of wheat by rusts and of potatoes by virus amounts 
to between 10 per cent and 20 per cent of world producuon These two diseases 
constitute a small pan of the losses which wheat and potatoes suffer on account 
of parasites and pests In addition to rusts wheat is attacked by a number of 
specific organisms such as the Hessian fly, a gall midge, another Diptcran 
Osetnus fnt, 2 U[id the gall thread -worm, Tylenchm It is attacked by several non- 
specific orgamsms such as the com-borer, and large losses to the stored gram 
are sustamed through the ravages of weevils The potato is attacked by two 
fatal fungus diseases, potato blight and wan disease, the former of which 
was the source of the Irish potato famine of 1843—47 Several msects specifically 
attack the potato, the Colorado beetle in America and the tuber-moth m this 
country being the most important In some years a third of the beet crop of 
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France has been destroyed by the gall thread-worm Heterodera alone Beet, 
agam, has several specific diseases. The Economic Advisory Council estimates 
that during the last five years locusts have deprived mankind of the fruits of 
five and a half milhon working days per annum The known yearly losses due 
to insects m the British Empire would feed the entire population of England 
and Wales In 1916 the known loss of crops due to insect ravages in the United 
States represented a total equivalent to a contribution of one dollar per head 
of the world’s entire population An even more impressive picture of the forfeit 
man pays m unscienufic competition with other species may be obtained by 
considcrmg the gams resulting when he apphes science to their mastery There 
are five fairly common fungus parasites of the apple canker {Nectna galligena)^ 
scab (Venturia inequalis)^ mildew (Podiosphaera leucotricha)^ brown rot (Sclero- 
ttnia fructigena), and blossom wilt (Scleronnia cinerea) Of the common insect 
parasites may be mentioned Blue bug (Anuraphis), W'oolly aphis (Eriosoma), 
apple sucker (Psylla), Capsid bug (Plesiocoris), apple blossom weevil (Antho- 
noma), codlmg moth (Cydia), and apple sawfly (Hoplocarpa) Considermg two 
of these alone, three years’ trials at Wisbech with spraymg agamst Capsid bug 
and scab consistently m each case increased the yield over 1 00 per cent The 
new method of growmg apples as cordons or espaliers in low hedge formation 
has the double advantage of mcreasing fruitage at the expense of vegetative 
growth and facihtatmg monthly spraymg which guarantees immunity against 
all the parasites mentioned above The use of insecticides and fungicides 

IS not the hit-and-miss method which some people imagme it to be Intensive 
researches m applied toxicology have been directed to the discovery of highly 
specific poisons which kill injurious organisms m quantities that do not harm 
non-mjurious ones The fungus diseases of potato (blight and wart) can both 
be controlled by spraymg with a toxic preparation Two insect parasites, the 
bean beetle and black fly, and an acarme which attack beans, the insect para- 
sites of cabbages, carrots, omons, turnips, beet, peas, and potatoes, can now be 
controlled by spraymg of the shoot or soil fumigation Longlcy in collected 
data from nmety-six apple-growers in Nova Scotia to determme the influence 
of spraymg and dusung on yield The results demonstrate a clear increase in 
yield correspondmg to an mcreased amount of spray Tlus holds good with 
slight fluctuations from an expenditure of two dollars per acre with an average 
production of IG 2 barrels to an expenditure of 24 dollars per acre yieldmg 
an average production of 85 barrels 

The method of hyperparasitization is referred to in the followmg citation 
from the same source 

Experts differ concermng its possibilities Its importance lies m the fact that 
when It IS successful the cost is utterly negligible compared with the results 
achieved Just as the farmer keeps the ferret to check the growth of rodents, the 
State can breed specific parasites to destroy ammals wluch attack crops or pests 
Amopg notable successes which have been claimed for this method is the 
destruction of woolly aphis by the insect parasite Aphelmus mali The earliest 
successful experiment in biological control was the introduction of the pre- 
datory ladybird, Vedaha cardtnahsy to keep down the scale insect, I eery a 
purchasti which attacks orange and lemon groves The citrus mealybug has also 
been brought under control by the introduction of the coccmellid Cryptolaemus, 
for the breedmg of which there are thirteen inscctaries in the infested districts 
of California An attempt is now bemg made to control the pink boll- worm in 
Egypt by the mtroduction of a Hymenopteran parasite, Miaobracon Kirk- 
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paincki, at an expense of jCI>000 If it succeeds the estimated saving vviJI be 
£5,000,000 For some twenty-five years past the commercial growmg of cocoa- 
nut on one of the two large islands of the Fi)i group has been made impossible 
by the ravages of a small Zygaemd moth About seven years ago this moth 
threatened to mvade the adjoinmg islands Such an extension would have com- 
pletely named the staple mdustry of the group, if unchecked 71us would 
have entailed a loss of £400,000 per annum By the introduction of a Tachmid 
fly which parasitizes the cocoanut Zygaemd in Malaya the Fi]i pest was so 
completely controlled that m three years’ ume the moth had become qmte a 
rarity The cost of this work was approximately £12,000 The late Mr Frederick 
Muir estimated that his introduction of the Tachmid paiasite of the weavil, 
borer of sugar-cane mto the Hawauan Islands saved the cane-growers about 
a milhon pounds a year He spent three years m searchmg for the parasite, 
eventually got from New Gumea The total cost of the work was about £ 10,000 

Essenually similar to hyperparasiuzadon is a new method of weed control 
This depends on discovermg an msea larva for which the weed is a favounte 
food plant “In New Zealand,” says Dr Charles, 

scientific knowledge has now introduced the cinnabar moth to stamp out 
the ubiquitous ragwort This weed, which has been rapidly mvadmg greater 
areas of the dairy lands of the Dominions, is doubly disastrous because it leads 
to hepatic cirrhosis of cattle and horses Two other exotic msccts, Abioii 
ulicxs and Antholcus vannervtS) have also been mtroduced to stamp out gorsc 
and piripiri, the bane of the New Zealand farmer At the Imperial Entomo- 
logical Conference in 1030, Dr Nicholson reported that an area as large as 
Great Britain now infested with prickly pear is being cleared m Austraha by the 
mtroduction of the Pyrahd moth, Cactoblastts cactorum 

Besides these methods of ehmmaung speaes which compete with man, 
the apphcation of scientific knowledge to the production of resistant varieties 
IS also important This will be dealt with m the next chapter When we 
reflect on the vast apparatus of chemical and aerial warfare which human 
mgenuity has elaborated during the past century, it is also salutary to recall 
the faa that many of the weapons devised for self-destrucuon can be apphed 
to the conquest of man’s natural enemies, if mankmd deades to replace 
witless competition by the soaal enterpnse of creauve evoluDon When we are 
at times tempted to blame the mvenaons of natural saence for lack of adven- 
turous mventiveness m social affairs, we should place beside accounts of the 
horrors of modem warfare the foUowmg picture from a recent book on msec: 
control 

As we fly over the orange groves in the gathermg dusk we sec here and there 
squads of men crectmg tents over the trees Our guide tdls us that these tents 
will be used durmg the night for gassmg sf-ale msects that arc attacking die 
orange trees More than 000,000 is spent each >car m applymg poison gas 
for the control of the scale insects 
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A PLANNED ECOLOGY OF HUMAN LIFE 


Evolution unfolds a new honzon of human destmy Man has it m his power 
to become an active and mtelbgent directive agent m the evolutionary process, 
usmg his knowledge of the diversity of hvmg creatures to deade which are 
essential to his own welfare as objects of use or of aesthetic satisfaction, and 
usmg his knowledge of the properties of hvmg matter to adjust the environ- 
ment of the species he chooses as members of a rationally planned ecological 
system The biotechnical future of mankmd is not limited to these two themes 
We also have it m our power to set about creating new types of orgamsms 
—and perhaps ultimately of guiding the further evolution of the unborn 
capacities of our own species 

Withm certam narrow limits man has been doing this m a blundermg, 
wasteful and necessarily protracted way throughout the whole history of 
civilization Pedigree records of domesticated ammals go back as early as 
the cultures of Mesopotamia (Fig 391) and, from time to time, more or less 
systematic efforts at improvement of breeds have been undertaken This 
happened notably m England durmg the eighteenth century, when the 
introduction of root crops had made it possible to keep more cattle ahve m 
wmter, hence discouragmg the extensive use of veal, while creaung a wider 
demand for fresh meat of good quality Although success which crowned 
efforts to improve the various breeds of sheep and oxen had no direct influ- 
ence on a scientific undersiandmg of animal breedmg, its indirect effect was 
enormous It acted as a powerful stimulus to the new venture of plant 
hybridization which had begun as soon as the existence of sex m plants was 
correctly understood (see pp 824-C) 

Of the begmmngs of the human ecological system we know very little, and 
It IS an arrogant pretence to speak of a biological interpretation of man’s 
history while our knowledge is so shght Overshadowed by the mechanical 
technology of the age, mneteenth-century archaeolo^ paid a disproportionate 
attention to the varieties of tools associated with early human remains 
Twentieth-century research is now occupied m re-castmg the model of 
cultural progress which the nineteenth century constructed Minor improve- 
ments of tool construcuon which have been used as the hallmark of various 
stages m prehistory are negligibly important compared with the several 
steps m the acquisition of a biotechnology which lasted with very httle change 
from the dawn of history till the eighteenth century of our era Primitive 
cultures are essentially sdf-suflBacnt, and, as such, moulded pre-emmently 
by the animals and plants available for food, raiment, drugs, dyes, struc- 
tural matenals, and defence agamst mvasion These several constituents of 
man’s ecological system supply the primary impetus to an evolvmg culture 
Thus the absence of available ungulates as beasts of burden, or of indigenous 
cereals, imphes the absence of a decisive stimulus to mechamcal ingenuity 
c g wheel design) or to a highly developed calendrical practice The abun* 
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dance of a narcotic plant or of particular species of parasites or of cereals 
(e g maize) deficient m vitamm content may act as an effective obstacle to 
sustained progress of any kind 

We still know nothing about how Palaeolithic man hit on the custom of 
scattering gram Thanks to the work which is now being encouraged m the 
Soviet Umon, we are beginning to know somethmg about the distribution 
of various species of cereals in the dawn of civilization and their relation to 
the indigenous culture of the seed-scattering ‘^Neolithic’' societies The 
outstandmg fact about the entry of animals into the ecological system of man 
is that man and the dog are universally distributed together, even in regions 
as far apart as Greenland and New Zealand The association of man and 
the dog in the earliest cave drawings, the existence of the dog m Austraha 
where man and the dog are certainly )oint interlopers on a continent cut off 
from the mainland before placental mammals reached it, the existence of dog 
remains of considerable antiquity in the Queensland caves, and a variety 
of other evidence suggest that the disposition of the dog is hardly less decisive 
than the disposition of man as an agency m the evolution of the human 
ecological system 

A comparison of the Avebury dog, the Austrahan dmgo, and the Eskimo 
type suggests that the earliest associate of the dog tribe was somethmg like 
the Javanese chow, and that this type followed man round the world, breeding 
with other local species like the wolf and the jackal, which are still apparently 
interfertile, though commonly distinguished as Lmnaean species Vanous 
species of wild dog are addicted to hanging round human dwelhngs as 
scavengers, and the begimung of the animal association in the stage when 
man was a food-gathering creature was probably accidental The dog as 
scavenger and unofficial dustman to the kitchen middens of Palaeolithic 
man participated in, and perhaps encouraged, the habit of hunting other 
beaus yX'hcre there were indigenous and gregarious ungulates like sheep 
or cattle, the dog would round them up, keeping them metaphorically m cold 
storage, so that there was no longer need for hunting far afield Imper- 
ceptibly man would pass from a shell gatherer to a hunter, and from a hunter 
to a herdsman by virtue of this fortuitous association 
At each stage, the fate of culture would rest on the species of wild animals 
and plants in his immediate neighbourhood Once man had blundered into 
the associations which led to the use of other ammals as steeds, sources of 
meat, milk, fur, and so forth, the several types of association acquired the 
character of an orderly routine regulated by tradition This tradition was 
oral It progressed without any spectacular changes from the begmnmgs of 
settled calendncal culture, and remained outside the urban cultivation of 
scientific knowledge till commercial seed production during the past three 
centuries provided the impetus to rational, dehberate, and systematic pro- 
duction of new species propitious to human needs 


VKE MENDELIAN HYBRIDISTS 

T\\ere is an admirable survey of the efforts which followed Fairchild’s 
success (p 825) with the carnation and the sweet-william m Roberts’s Plant 
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Hybridization Before Mendel By the middle of the mneteenth century there 
had been enough progress to compel the recognition of certain common 
features of hybrid crosses, and to encourage the search for theoretical know- 
ledge to guide the pracace of the seedsman and the nurseiyman As yet the 
horticulturahst had no certam recipe for fixing a new hybrid type without 
recourse to the tradinonal methods of natural or artificial vegetative propaga- 
tion The work of Kmght (p 814) shows how the new knowledge of polhnation 
had made it possible to create new varieties for the herbaceous border, the 
kitchen garden or the orchard Once created the new varieties could be 
propagated by cuttmgs (roses), by graftmg them on to parent stock (roses, 
apples, chemes) or by runners (strawberries) Such hybrids could not per- 
petuate themselves by seed, and many of our choice fruit trees and ornamental 
plants keep their characteristics only because they are never propagated by 
sexual generation 

It was clearly recognized that stable seed varieties may turn up in later gene- 
rations of hybrid plants What was lacking was knowledge of how to achieve 
this result Malcolm’s seed catalogue of 1771 refers to seventeen fixed varieties 
of kitchen peas, and experiments with pea hybrids led Kmght to an observa- 
tion which was ultimately destined to echpse his many practical achievements 
m the improvement of strawberries, currants, grapes, and fruit trees His 
reasons for selectmg the pea are given in his own words 

None appeared so well adapted to answer my purpose as the common pea, 
not only because I could obtain many varieties of the plant of dilferent forms, 
sizes, and colours, but also because the structure of the blossoms, by pre- 
venting the ingress of msects and adventitious fauna, has rendered its varieucs 
remarkably permanent 

Kmght’s experiments contmued for thirty-six years, from 1787 to 182.8 
His general method was to pluck off the stamens of all the howers of a plarvt 
and dust on the stigmas pollen from dowers of another plant In selectmg 
the pea for his ma)or mquines he had more good fortune than he could have 
anticipated Perhaps because the pea is valued for us seed, the principal 
available varieties of the pea included many which were distmguishcd by 
conspicuous charactensucs afiemng the seed, such as shape — round, 
wrinkled, etc — or colour — white, grc} , blue, green, and yellow Kmght 
found that when mdividuals of tw^o pure strains, e g a white seeded and a 
grey seeded vanety, are crossed by the method stated above, the seeds pro- 
duced are uniform^ generally like those of one — the domnant — parent rather 
than the other — the recessive (p 976) The same results are obtained in 
reciprocal crosses Thus if pollen of a white-seeded variety is used to fertilize 
ovules of a grey-seeded variety, the seeds produced by the maternal parent 
are all grey, as they also are if pollen from a grey-seeded variety is used to 
fertilize ovules of a white-seeded variety When he raised these hybrid 
plants and tested the effect of pollinaung flowers of one hybrid plant with 
pollen from another of the same generation, Kmglit found that most 
pods produced seeds of two kinds — like one (e g white) or the other 
parent (eg. grey) of the originaJ cross A few pods contained seeds of 
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one kind only, being exclusively like either one or the other parent of the 
original cross 

Of Itself Knight’s discovery of the “splitting of hybrids” did not advance 
the problem of fixing a new combination of variety characteristics It was 
followed by several investigations of the same nature by other horticul- 
turahstSj notably in England by Herbert, Goss, and Laxton, who all worked 
with peas and obtamed similar results In 1820 Goss drew attention to the 
fact that the recessive type (e g white-seeded variety m the previous example) 
obtained by mtercrossmg the hybrids was just as pure as the original recessive 
parent of the hybrid It perpetuated its kmd, umformly true to type, when 
self-feralized or poUmated by its own kmd Laxton, whose work was pub- 
hshed by the Horticultural Soaety m 1872, took the enquiry a step farther 
by recordmg crosses involvmg several characteristics, observed the possi- 
bility of fixmg particular combmations, and gave rough estimates of the 
numerical proportions of the several types 

A widespread mterest m the techmque of hybridization at this time is 
emphasized by the rewards which were offered for the prosecuuon of similar 
researches m France and m Germany In 1861 the Paris Academy offered 
the grand prize in the physical sciences for the study of plant hybrids, in- 
ciudmg among various other issues the question “Do hybrids which reproduce 
themselves by their own fecundation sometimes preserve mvanable characters 
for several generations, and are they able to become the types of constant 
races?” Previously in 1819 and 1822 the Royal Prussian Academy had set 
the prize question, “Does hybrid fertilization occur m the plant kingdom 
In 1830 the Dutch Academy of Haarlem propounded the riddle m the words 

What does experience teach regarding the production of new species and 
varieties through the artificial fertilization of flowers of the one with the poUen 
of the other, and what economic and ornamental plants can be produced and 
multiplied m this way? 

1 he prize offer renewed a second tmie m 1836 was taken up by Gartner, who 
received the award in 1837, carried out numerous crosses with garden plants, 
and a very extensive enquiry mto hybrid peas on the hnes of previous work 
by Kmght and Goss He also worked with maize, and the large number of 
seeds produced by vaneties of this speaes permitted him to recogmze con- 
stant ratios of the several types more clearly than did Laxton m his later 
work on peas 

Of those who contributed solutions to these pubhc competitions Naudin 
IS specially noteworthy for the report presented to the Pans Academy in 
1864 Naudm, like Gartner, made crosses with several plant species, observed 
phenomena essentially on the same hnes as those recorded by Kmght, Goss, 
and Laxton, and proceeded farther towards constructmg a hypothesis to 
gmde further research and practice Naudm’s theoretical conclusions, which 
he devised no new experiments to test, include two sigmficant statements In 
his own words these are : 

(i) That which is produced is never more than an amalgamation of forms 
already existing in the parent types The hybrid is a composition of borrowed 
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pieces, a sort of living mosaic of which each piece, discernible or not, is ascribable 
to one or the other of the producing species 
( 11 ) All these faas are naturally explained by the disjunction of the two 
specific essences m the pollen and the ovules of the hybrid The dis- 
junction takes place m the anther and m the contents of the ovary Some 

of the grams of pollen belong totally to the species of the father and others to 
the species of the mother 


Tlir PARTICULATE NATURE OF INHERITANCE 

It IS a very short step from the conclusions established by Goss, Gartner, 
Laxton, and Naudm to those which were pubhshed (1866) by the Abbe 
Mendel m an Austnan horticultural journal two years after Naudm’s memoir 
-Mendel’s speaal contribution was to bring his results — m themselves essen- 
ually identical with those of Goss and Laxton— mto relation with the atomntxc 
views which were providing an immensely fruitful basis of theoretical know- 
ledge for the new technique of chemical manufacture Like ±e particulate 
doctrine of modem chemistry, the theory which was to provide — m a new 
social context — satisfactory guidance for biological manufacture rests on 
two experimental generalizations In chemistry it was first necessary to estab- 
lish the law of the conservation of matter, which gamed ground through the 
discovery that air has weight and that matter in the third state exists in 
many varieues Then it was necessary to recogmze the law of constant 
numencal propomons, and the several laws of combination by weight and 
volume In genetics, the science of plant and ammal breeding, analogous 
principles hold 

What we may call the law of conservation of genetic materials is implied 
m the faa first clearly recogmzed by Goss When hybrid offspring of the 
same parents of pure descent arc crossed with one another, it is always 
possible to reclaim from their progeny mdividuals which breed true to the 
parental type If the parents differ m several charaaensncs, these are com- 
bmed m various ways m the second hybnd generation, and smce some of 
the individuals showmg each combination are capable of bieedmg true 
to type, new combinations of variety characteristics can be fixed The 
particulate theory of inheritance first advanced by Mendel shows how this 
can be done 

What wc may call the law of constant proportions and the. several laws 
of combmation which govern inter-crossing hybrids and back-crossing 
them to their parents was loosely recognized by Gartner and Laxton None 
the less, it is only fair to Mendel to recognize the very special care he took 
to estabhsh the numencal constancy of the various classes of progeny When 
the parents differed with respect to a single charactenstic,he found that inter- 
crossing or self-femlization of the first hybrid generation (often denoted F 1, 
which stands for “first fihal”) gave dominants and recessives in the ratio 
3 1 When the hybrids were crossed back to the recessive parents equal 

numbers of dommants and recessives turned up The followmg table shows 
some of the results Mendel got by crossing F 1 hybrids of various matings 
inter se. 
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MENDEL’S DATA 


Structure 

Property 

Dommani 

Recessive 

Raoo in F 2 

Seed 

Form 

5,474 round 

1,850 wrinkled 

2 96 1 

Reserve material m Coty- 
ledons 

Colour 

6,022 yellow 

2,001 green 

3 01 1 

Seed-Coats 

Form ' 

822 inflated 

299 wrinkled 

2 96 1 

Seed-Coats 

Colour i 

705 grey 

224 white 

3 15 1 

Unripe Pods 

Colour 

428 green 

162 yellow 

2 82 1 

Flowers 

Position 

661 axial 

207 terminal 

3 14 1 

Stem 

Length 

787 tall 

277 dwarf 

2 84 1 



14,889 

6,010 

2 98 1 
or 3 1 


There is nothing sacred about these numbers The important thing is not 
the actual ratio he obtained, but the fact that what he did obtain could be 
repeated by anyone else Here are some results which other workers have got 


Investigator 

Yellow 

Green 

1 

Total 

Number 

Per cent 

Number 

Per cent 

Mendel, 1865 

6,022 

76 05 1 

2,001 

24 95 

8,023 

Correns, 1 900 

1,304 

75 47 

453 

24 63 

1,847 

Tschermak, 1900 

3,580 

75 05 

1,190 

24 95 

4,770 

Hurst, 1904 

1,310 

74 64 

446 

26 36 

1,755 

Bateson, 1905 

11,002 

75 30 

3,903 

24 70 

15,80b 

Lock, 1905 

1,433 

73 67 

514 

26 33 

1,952 

Darbishire, 1909 

109,090 

76 09 

36,186 

24 91 

145,246 

Totals 

134,736 

1 

75 09 

44,692 

24 91 

179,399 


Mendel realized more clearly than his contemporaries that this numerical 
constancy is the clue to a correct understanding of what happens when 
different strains are crossed, and he did not let the subsidiary issue of domi- 
nance — 1 e the fact that hybrids often resemble one parent to the exclusion 
of the other — distract his attention from what we now know to be the umversaJ 
feature of hybrid experiments Dominance is not a umversal phenomenon 
For instance, if we cross individuals from pure stocks of the red and white 
vaneties of the flowermg plant popularly known as four o' clocks or botanically 
as Mirabilis jalapa^ the resulting first filial (FI) generation bear only pink 
flowers If these F 1 hybnds are selfed or crossed inter se, the resulting 
second filial (F 2) generation is composed of reds, pinks, and whites, in the 
proportion 1 2 1 This would correspond to the 3 1 ration if the hybrid 

types were similar to one or the other type of pure parent 

In crosses between white and black strains of the Andalusian fowl the F 1 
individual produced by crossing black and splashed white birds is blue Conse- 
quently the mating of Blue Andalusian fowls results m producing black and 
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white offspring So if we wish to obtain blue individuals it is more profitable 
to mate blacks with whites, givmg a hybrid generation of blues only The effect 
of crossmg the blue hybrids among themselves is to raise a progeny of blacks, 
blues, and whites m the rauo of 1 2 1 In this example the hybrid is 
half way between the parental pure-bred types The inheritance of the white 
colour of Leghorn fowls illustrates what may be called mcomplete dominance 
If a white Leghorn mated with an mdividual of a coloured stram, the hybrid 
mdividuals arc white with a few coloured tail feathers Careful measurement 
of charactensdes which can be assessed by numerical standards shows that 
dommance is never absolutely complete 

However close the resemblance between the hybrid olfspnng of pure stocks 
and one or other of the parental types, the herediiary materials remam dis- 
unct and recombme to produce pure parental types again m the F 2 genera- 
uon Although we still know very little about the physical nature of dommance, 
analogy can help us to appreciate the issue in its true perspective Sodium 
and potassium yield colourless salts with most common acids, but the per- 
manganates of both are purple m soluaon The salts of copper are generally 
of a bluish or greemsh tmt in solution In one case the negative, m the other 
the positive ion is the dominant agent determinmg the physical property of 
colour In other respects the other component behaves m any reaction with its 
characteristic efficacy, although its presence is seemingly masked So m the 
process of hereditary iransnussion the recessive factor retams its existence 
mdcpendently of the dommant factor Dominance is only a matter which 
concerns their bodily expression 

One of his experiments in which a vanety of pea having a dwarf shoot, 
from a stock breeding true to this feature, was crossed with an mdividual 
from another vanety charactenzed by tall shoot, likewise of pure pedigree, 
may be taken to illustrate MendeFs hypothesis When pollen from flowers 
of the one is transferred to the stigma of the other, the same result always 
occurs Every seed produced m consequence of such a umon gives rise to a 
tall plant, whichever way the cross is made with respect to the sex of the 
parents If these seeds are allowed to germinate and grow into plants, the 
results of self-fertihzmg the flowers of the hybrids, or, alternatively, crossing 
them with other F 1 plants, is entirely different from the effect of crossmg 
two of the parental pedigree tall plants Instead of obtaining only tall plants 
true to type, it is found that three-quarters of the seed produced (F 2 genera- 
tion) give rise to tall plants, but one-quarter to dwarfs like one of the original 
parents Further breeding shows that two-thirds of the F 2 tall mdividuals 
breed m the same way, throwing dwarfs m the same ratio The remainder 
breed true to type like the original tall parent when self-fertihzed, as do the 
dwarfs of the F 2 generation When self-fertilized, or crossed inter scy the F 2 
dwarf plants have only dwarf oflfsprmg 

To interpret these observations we must first recognize that the hereditary 
constituuon of the tall mdividual in the F 1 generaaon differs from that of 
the tall parents, masmuch as it is capable of givmg rise to dwarf offspnng 
It differs presumably n produemg gametes which contam some particle 
(without discussmg its r ature, Mendel called it a factor) responsible for the 
production of the dwarf condmon We nonce too that the proportions of pure 
tall and pure dwarf plants are identical m ±e F 2 generation That is to say. 
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one-quarter have the factor for tallness only and one-quarter the factor for 
dwarfness only, so that neither of the gametes from which an individual of 
either type origmates contams the alternate factor We must also bear m 
mmd that the F 1 tall plants behave m a similar manner whe±er they get 
the factor for dwarfness from the maternal or paternal gamete (in the ovule or 
pollen gram) Mendel drew the conclusion that each F.l tall plant produces 
m equal quantiacs gametes bcarmg the tall and dwarf factors respectively — 
but never both, and tested the possibihty that there is an equal chance of 
any pollen gram fertihzmg an ovule with the same factor or the factor alterna- 
tive to that which it contams 

It then follows that the number of individuals produced in the F 2 genera- 
tion containmg both factors for the tall and dwarf conditions will be twice 
the number containmg only the tall or only the dwarf factor For, if we repre- 
sent the factor for tallness by T and that for dwarfness by ty T may femhze 
T or ty givmg TT or T^, and t may fertihze T or /, givmg tT or tt This, 
of course, satisfies the conditions, and is an adequate account of the facts so 
far Such was the hypothesis Mendel proposed (Fig 453) Characters distm- 
gmshing different hereditary strams were supposed to depend upon separate 
particles (or factors) present in dupheate in all the cells of the body These 
particles are what the body inhents from its parents The members of each 
pair segregate m the formation of the gametes, so that one-half contam the 
paternal and one-half the maternal factor 

The truth of the particulate hypothesis must stand or fall, like other saen- 
tific hypotheses, with its capaaty to provide a correct reape for conduct 
Reapes which can easily be test^ out are exemplified by crossmg back the 
F 1 impure tall plants with (a) the pure tall parents, and (b) the dwarf plants — 
which are all pure Usmg letters to denote the hereditary particles at work, 
the pure breeding tall plants and dwarfs have the consntuDon TT, tt on the 
hypothesis outlined, smee their charaaer depends on faaors inherited from 
both parents, the impure plants F 1 have the constitution Tt or ^T By 
crossing T^ with TT we should get two types of offspnng TT and T^, equal 
numbers of pure and impure tall plants Also by crossmg T^ with tc we get 
two types of offspnng Ti and tty equal numbers of impure tall and pure 
dwarf Mendel was not a Bnnsh economist He was a saenufic worker, 
seriously concerned with gettmg somethmg done for horticulture So he 
tested and verified these and other imphcations He was thus led to this con- 
clusion Hereditable differences arc dependent upon separate particles denved 
from both parents, remammg distmct throughout the entire life-cycle, and 
finally separatmg m the formation of the gametes, so that with respect to 
any single pair of them one-half of the gametes contam the particle denved 
from one parent and the other half contam the particle contnbuted by the 
alternate parent This is Mendel’s law of genetic segregation. 

For the sake of convemence we may here mtroduce some necessary technical 
terms An mdividual which like the “impure” F 1 tall plants receives dis- 
similar factors from its parents is said to be ozygotis m respect of 
those factors in contradistmction to the homozyg us (eg. pure dwarf or 
pure tall) type The character which appears to predominate if its material 
forerunner is present m the fertilized egg, is said to be domnant m contra- 
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distinction to the recessive character, which is only manifest when both the 
gametes contribute its material forerunner 

It must not be imagmed that every clear-cut characteristic which distin- 


tadl 





Each cell of a pure tall pea has tvjo particles which are responsible for the difference 
between it and a dwarf one Each cell of a pure dwarf pea has two particles which are 
responsible for the difference between it and a tall one Mendel called these particles 
“factors ” In the formauon of the gametes, the members of each pair segregate So 
each gamete contains only one member of this pair, T m the case of tlie tall plant, 
and c m the case of the dwarf plant Fertihzauon yields only one kind of fertilized 
egg cell (Tr) This develops mto a tall plant For this reason T is said to be dominant^ 
and t recessive At each cell division of the developing plant, the factors divide as well 
So every ordinary cell of the hybrid contams the Tx pair of dissimilar faaors In the 
formation of the gametes of the hybrid, however, segregaaon again occurs Hence 
gametes contammg T and ones containing f are produced m equal numbers Random 
fertilization yields three classes of otfspimg — 25 per cent pure tall (TT), 60 per cent 
impure tall (Tx), and 25 per cent pure dwarf (rx) 


guishes two related forms need depend on only one factor difference Mendel 
was particularly fortunate m hittmg upon a form m which there exist a 
number of strams differmg with respect to smgle pairs of unit factors 
Had he studied, for example, the inheritance of the “walnut” type of comb 
which occurs m the Malay breeds of domestic fowl (Fig 459), he would 
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have had a more difficult problem The ‘‘rose” comb of Wyandottcs and the 
“pea” comb of the Indian Game breeds are each dominant to the single comb 
of the Leghorn, Sussex, and Rhode Island breeds The “walnut” comb can 
be produced by crossmg mdividuals with the Rose and Pea types of comb 
A pure mdividual with a walnut comb crossed with an mdividual from a 
smgle comb breed would give an F 2 with walnut, rose, pea, and single combs 
all represented, because the walnut type differs from the smgle comb m respect 
of two pairs of factors, namely, those responsible when present alone for 
the pea and rose types In the crosses which have been previously discussed, 
character difterences m which only one pair of factors are mvolved have been 
dehberately selected for the sake of simplicity In studymg mhentancc the 
geneticist often meets with apparently well-defined characters distmguishmg 
two races of animals or plants which present a muluphcity of factonal 
differences It can generally be shown that such apparent exceptions to the 
law of genetic segregation fall mto line, when the data are fiiUy analysed 

The numencal proportions prescnbed by the law of segregaaon are 
statistical predictions The physical model which we take as a basis for what 
happens m fertilization is an um with an enormous number of otherwise 
similar coimters of different colours m fixed proportions If the model is a 
satisfactory one, our conclusions must bear the scrutmy of the mathematical 
laws of combmations which descnbe the results of takmg coimters out of 
the um In our mterpretauon of a 3 1 raDo, the assumption made is that, 
smce two kmds of egg or sperm are formed m equal numbers by a hetero- 
zygous mdividual, there should be an equal chance of any egg being fertilized 
by either of two sons of sperm (one carrymg the maternal and the other 
carrymg the paternal factor) Similarly it is assumed that there is an equal 
chance that any sperm will fertilize one or the other type of egg On this 
assumpuon the 3 1 rauo follows, if one of the parental charaaers is dominant 

Smcc the assumption itself mvolvcs the idea of chance^ the conclusion is 
subject to the laws of chance Obviously we cannot get a three-one raao 
from a htter of three kittens In experiments on inhentance m a common 
South African speaes of bean weevil, Dr Skaife crossed the dominant black 
form with a red recessive mutant, and obtamed m the second cross-bred 
generation 466 mdividuals of which 347 were black and 119 red For this 
number the 3 1 ratio of the um model requires two classes diffcnng from 

349 5 and 116 5 by a probable error of approximately 6 This means that 
if we were drawmg counters from an um con tainin g an immense number of 
black and red ones m the proportion 3 1, it would happen less often that 

a trial of 466 selections would yield above 356 or below 343 black counters 
than that the number of black counters would he (like the number of black 
weevils) withm these linuts 

Mendel’s mvestigations followed up what happens when two different 
pairs of charaaers, each dependent on a separate pair of faaors, are involved 
m a CToss between pure-bred parents The aaual results of a cross between 
a stram of peas with green wrinkled seeds and yellow round seeds or of 
peas with green round and yellow wrinkled seed respectively will be under- 
stood by referrmg to Fig 454 The rauos of the double dominant, the two 
classes of smgle dominants and the double reccssives which Mendel obtamed 
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in all his crosses was 9 3 3 1, as should occur if the yellow-green factors 

and the round-wrinkled factors behave quite independently of one another 


^(zlhw 

round. 
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Hybrids represented by the genetic formula YjyRr can be produced by crossmg the 
double dominant with the double recessive, or alternatively by crossmg YYrr with 
yyRR The Fj hybrid produced the four classes of gametes shown m equal numbers 
This IS becajise the assortment ot factors m segregauon is random m this case, i e it 
is just as likely that Y will go mto the same gamete as r, as that Y will go mto the 
same gamete as R The results of random fertilization of the four classes of x female 
gametes by the four classes of male gametes, are shown m the chessboard diagram 


Mendel formulated this result as a generalization sometimes known as 
Mendel’s Second Law It is not, however, a law m the same sense as Mendel’s 
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First Law, of iegregatum, which we have deduced above, for it'is only applic- 
able to certain cases, and as we shall see later, the excepbons arc of more 
theoretical interest than the rule. Here again an analogy from chemistry wijj 
help The fundamental law of chemical combmanon is the law of constant 
proportions The law of mulnple proportions is no more than a statement of 
certain experiences that the pioneers of chemistry encountered in dealing with 
some of the comp)ounds that were first investigated Had they started with 
the higher hydrocarbons, they would have encountered no such simple rela- 
uons Both the law of mulnple propomons and the second law of Mendel 
are historically important, because they helped to suggest hypotheses which, 
once stated, were broad enough to take m other possibilines We shall leave 
a consideration of the 9 3 3 1 rano of MendePs ongmal experiments 

till a later stage, and now approach the problem of hybndizanon from a 
different point of view 


SO-CALLED REDISCOVERY OF MENDEL’S HYPOTHESIS 

The publication of Mendel’s work produced no discussion, and if it had 
not been menUoned m a comprehensive and labonous German survey of 
the existing hterature on hybndizanon undertaken by Focke, it is probable 
that it would have remained completely unknown, when the pnnaples which 
Mendel advanced were restated mdcpendently by three later workers, de 
Vries, Correns, and Tsehermak They published their results simultaneously 
m 1900, and did not know of Mendel’s own work, nil they had reached their 
oum conclusions To make a belated and somewhat futile reparanon to a 
scienufic worker whose gifts had not been sufficiently recogmzed by his own 
contemporaries, there then ensued an apotheosis which went so far as to 
rechristen the science of breedmg Genencs was called Mendelism, as 
geometry had been called Euchd 

While Mendel’s contribunon to the theorencal development of genetics 
was a conspicuous advance, like that of Avogadro in the theory of chemistry, 
It had very deep roots m the soaal preoccupanons of his period and in a large 
body of experimental results which had already been established To speak 
of Mendelism and to neglect the work of men like Koelreuter, Knight, Her- 
bert, Goss, Gartner, Naudin, Laxton — or others hke them— is like begmning 
the history of the atom with Avogadro without any recognition of the con- 
tributions of Hooke and Mayow', Black and Lavoisier, Gay-Lussac and 
Dalton That Mendel advanced the issue, as he did, is less a matter for 
comment than his failure to e\oke any response from his immediate 
contemporanes 

No doubt there are several reasons for the arrested development of 
theoretical genetics dunng the ensuing generation Among those which seem 
specially sigmficant two may be mentioned One recalls the fate of Spallan- 
zam’s admirable experiments on spontaneous generation The issue had 
reached a stage when it was necessary to bring the practical experience oj 
the horticulturahst and seedsman into closer touch vnth new laboratory dis~ 
covertes concerning the material basts of inheritance This union of theory 
and pracuce is what distinguishes Mendel’s contnbution from that of his 
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predecessors Events conspired — espeaally in Britain where so much pioneer 
work had been earned out on the praetK^ side — to drive a wedge between 
the worker m the garden or orchard and the worker m the laboratory The 
repeal of the Com Laws signalizes the lopsided development of mechamcal 
technology characteristic of latssez-fatrey when the restatement of the evolu- 
tionary doctrine, commg at the climax of the long struggle for the repeal of 
religious tests in the Umversities, became the focus of an ideological conflict 
between the cultural asptrauons of the rismg manufacturmg class and the 
land-owning mterests both m Bntam and on the Contment In both ways 
biological enquiry suffered from the excessive urbamzanon of capitahsm, 
and our Umversities have not yet recovered from the overloading of curncula 
with the preoccupations of the evolutionary controversy and the separation 
of biological teachmg from any relation to social practice When the issue 
was revived, progress was most rapid m Amenca, where large-scale farming 
was equipped with a lavishly endowed system of techmeal education 

How the evolutionary controversy diverted mterest from the practical 
problems of horticulture into purely ideological issues is readily seen, if we 
compare Darwm’s work on hybndization with that of Laxton Darwm did 
not advance the subject a smgle step forward, and he might have seen the 
Mendelian solution m has own data of Antirrhinum crosses, if he had more 
clearly envisaged how his problem affected the soaal practice of mankmd 
Mendel who saw the issue as a practical horticulturahst also saw that a 
recipe for human mterference m the evolutionary process is the necessary 
basis for a true picture of how evolution occurs Thus he stated exphcitly 

Those who survey the work done m this department will arrive at the con- 
viction that, among all the numerous experiments made, not one has been 
carried out to such an extent and in such a way as to make it possible to deter- 
mine the number of different forms under which the offspring of hybrids appr ar, 
or to arrange these forms with certamty accordmg to their separate generations 
or defimtely to ascer tain their statistical relations It requires indeed some 
courage to imdertake a labour of such far-reachmg extent This appears, 
however, to be the only right way by which we can finally reach the solution 
of a question the importance of which cannot be over-estimated in connexion with 
the history of the evolution of organic forms 

The union of theoretical and practical knowledge set forth m Mendel’s 
soluuon was more danng than it seems m retrospect Mendel pubhshed his 
results more than a decade before the work of Hertwig and Fol estabhshed 
the elementary fact that one sperm fertilizes one egg Even among botamsts 
the imphcations of the cell doctrme were still on trial Naudm’s ‘ essences’’ 
remmd us that the older generation of botamsts had not been brought up 
to discuss heredity m terms of gametes Zoologists (see p 844) had not yet 
begun to do so There was httle to mdicate that Mendel’s conclusions 
embodied a umversal law of plant breedmg and far less to suggest that they 
were umversally true of inhentance both m plants and m animals 

Plant breedmg on similar Imes was continued durmg the ensumg genera- 
tion by vanous enquirers such as Macfarlane and de Vries When the con- 
clusions of de Vnes, Correns, and Tschermak were simultaneously announced, 
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a new interest was immediately awakened Cuenot m France, and Bateson, 
who in England had mdependently and previously urged that the clue to 
an understanding of hybridity lay m the numerical ratios of the several 
types of their offspring, immediately announced the apphcabihty of Mendel’s 
hypothesis to animals 

It IS not difficult to see how the situation had changed in the mtervcning 
ume When Mendel was domg his work on peas, Patrick Shirreff, the first 
notable hybridizer of wheat, had been labourmg in Scotland for many years 
m a purely empirical attempt to improve cereals by selection Shirreff refers 
to Kmght as the first mdividual m Bntam known to have crossed wheat, 
and he seems to have derived encouragement from Kmght’s work He suc- 
ceeded m producing various new varieties of wheat and oats, some of which 
bore his name Kmght had foreseen (p 815) the economic results of success 
in improvmg cereal yield We may go so far as to say that when Shirreff 
published his book on the Improvement of the Cereals in 1873 the need for a 
scientific basis for plant breedmg henceforth affected the welfare of every- 
body, and more especially the future of the gram-growmg states of America 
The two decades that followed — ^from 1880 to 1900 — estabhshed all the 
essential facts about the material basis of inheritance set forth in Chap- 
ter XVII (pp 855-860) When Mendel issued his memou: the nature of 
fertihzation in animals was not yet estabhshed, and the character of nuclear 
division in animals and plants was not even suspected When it was unearthed 
and applied to animals, the American biologists McClimg and Sutton had 
shown that the paternal and maternal chromosomes sort themselves out m 
the formaaon of the gametes precisely m the way that Mendel had envisaged 
for his “factors ” 


THE CHROMOSOME HYPOTHESIS 

All that is meant by heredity must refer to the contributions which the 
sperm and the egg make to the new mdividual Can we go farther and identify 
withm the sperm or egg the material particles which enter the gametes after 
innumerable cell divisions^ Can we detect the existence of anything which 
behaves as our “factors” or particles of heredity have been seen to behave? 

Hybridization experiments lead us to conclude that the particles of heredity 
are present in the fertilized egg m dupheate, and that ±ey segregate before 
the formation of the gametes mto maternal and paternal components, one 
member of each pair and one only bemg present m each gamete We now 
know that the number of chromosomes of any species of animals or plants 
IS twice the number present m the gametes In many animals (and plants) 
from the most diverse phyla, the chromosome complex of a speaes has a 
defimte configurauon as well as a definite number Among the chromosomes 
it is possible to distmguish pairs of different sizes and shapes (e g Fig 421), 
and the mamtenance of this constant configuration imphes that when reduc- 
tion takes place one member of each pair passes into each gamete (p 858) 
In other words, the chromosomes are present in the fertilized egg m pairs, 
and they segregate m the formation of the gametes mto paternal and maternal 
components, only one member of each pair bemg represented m each gamete. 
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The identificadon of the chromosomes as the matenal basis of hybnd segre- 
gauon immensely simplifies the deeper study of genetical phenomena The 
most striking advances which have been made of recent years m the study of 
inheritance are the outcome of discovenng this correspondence 

The apphcation of Mendel’s prmaples to ammals was first made by 
Bateson and Cuenot mdependently In the same year Sutton’s work 
showed the analogy between the behaviour of chromosomes and the material 
entities which Mendel had postulated as the basis of bi-parental mhentance. 
In 1911 Morgan, Muller, and Bridges at Columbia Umversity, New York, 
commenced a series of mvesngations on Drosophila melanogaster^ the fruit 
fly or banana fly This httle creature has almost every conceivable advantage 
for the purposes of genencal mvesagation It is prolific It passes through its 
entire life cycle in httle over a week It is eminently viable It is easily cul- 
tured, and can be fed on ronng banana skms It has only four pairs of 
chromosomes, all recognizably different With Drosophila one can do more 
m a year than could be achieved with cattle m several centunes 

In the Columbia cultures more than eight hundred mutants or sports have 
appeared, and these mutants or sports, when mated with their like, breed 
mie to type Thus the mterrelation of the mutant characters m their mode 
of mhentance has been studied wi± a thoroughness that has no parallel in 
genetical mvesagation To illustrate the more concrete mterpretaaon which 
the chromosome hypothesis affords, let us take a cross between one of the 
mutants of Drosophila and the pure wild type The normal, i e wild type, 
frmt fly has red eyes One vanety which has appeared as a sport is disan- 
guished by its purple eyes When a purple-eyed mutant is crossed to a wild 
type mdividual of pure stock all the F 1 generation are red-eyed (Fig 456) 
These red-eyed mdividuals, when mated among themselves, produce offspring 
of which one-quarter are purple-eyed and three-quarters are red-eyed If we 
mate the hybnds with purple-eyed mutants, half of their offsprmg are 
purple-eyed and half are red-eyed 

Let us now suppose that the purple-eyed form ongmally arose because a 
sudden change took place m one pair of chromosomes The mdividuals of 
the first fihal generation of our ongmal cross will receive one chromosome 
of this pair from the purple-eyed parent and the other chromosome of the 
same pair from the wild type parent So the first fihal generation will consist 
of mdividuals which possess one pair of chromosomes the two constituents 
of which are not the same, i e a pair of which one member has undergone 
the change referred to and one member has not From the result it is evident 
that an mdividual will not be purple-eyed unless both members of this 
particular pair have undergone the change When reduction (p 858) occurs 
m the germ cells of the cross-bred flies a member of this pair carrymg the 
purple-eyed gene wiU go to one pole and to the other pole a chromosome 
of the same pair unmodified So this pair of chromosomes will be repre- 
sented m one-half of the ripe sperm of the male hybrids by a member that 
has undergone the change and m the other half by a member that has not 

The same will be true of the eggs produced by hybrid females If fertiliza- 
tion occurs at random, a sperm which possesses the mutant chromosome will 
have an equal chance of fertilizing an egg which has it or an egg which has 
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It not For every sperm which has the mutant chromosome there will be 
one in which this particular pair is represented by a chromosome unmodified. 
Sperms of this type vnll also have an equal chance to fertihze an egg which 
has the mutant chromosome or an egg which has not For every fertilized 
egg which gets a mutant chromosome from its mother and father, there 
will be one which gets a mutant chromosome from neither, one which gets 



Fig 455 


Diagrammatic representation of the first generation of a cross between the red-eyed 
wild type of the fruit fly and the purple-eyed mutant 1 he Y chromosome is shaded, 
and the chromosome bearing the mutant gene is shown in black 


a mutant chromosome from its mother only, and one which gets a mutant 
chromosome from its father only Smee an individual has purple eyes only 
if it gets the mutant chromosome from both parents, this makes the propor- 
tion of purple-eyed individuals one-quarter in the F 2 With the aid of the 
accompanymg diagrams you can deduce for yourself the consequences of 
other types of cross 

Consider now a cross m which two mutant charaaers are mvolved Wild 
fruit flies are grey in colour and the wmgs extend beyond the tip of the 
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abdomen Among the sports of Drosophila are two respectively distinguished 
by dark body colour and a vestigial condition of the wmgs As a matter of 
fact, there are several mutants of Drosophila which have a dark body colour 
The one we shall deal with here is called ebony When cither of these sports 
are crossed to pure wild type flies, the first crossbred generation are wild 
type Mated inter se, the hybrids m ei±er case jneld progeny one-quarter 



iemeiUs' mahs^ 

3 I 1 purpU 3 1 piL,j 

Fig 450 


Contmuauon of Fig 455, showing the numcnail consequences of mating the first 
cross-bred generation of flies inter se 

of which arc of the mutant type Both mutants are therefore recessive to the 
respective wild types 

When the ebony mutant is crossed to the vestigial-wmged type (for brevity 
“vestigial”) the double hybrids of the first generation are also uniformly wild 
type (Fig 457) If sufficient offspring are bred from crosses between these 
double hybrids, approximately one-sixteenth show both mutant characters, 
three-sixteenths are ebony, three-sixteenths are vestigial, and nme-sixteenths 
wild type Figs 457 and 458 show how this numerical result follows from the 
simple assumption that the change which started the ebony condition 
occurred on a different pair of chromosomes from that on which the change 
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which originated the vestigial type occurred In the reduction division of 
the germ cells of the F 1 generation there will be two different configurations 
according as the mutant members of each pair go to the same or opposite 



tiG 457 — Cross between Two Independently Assorting Characters in 

THE Fruit Fly 

Only the two pairs of chromosomes concerned are shown, distmguishcd by size for 
the sake of clearness and with the chromosomes bearing the mutant factors m black 
In the lower part of the figure is shown the result of crossing the F I flies back to 
the double recessive type 


poles, and the numerical recombmations can be simply deduced by using 
a^hessboard diagram to show that for every set of four different types of eggs 
fertilized by one of the four different types of sperm there will be a corre- 
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sponding quarfctte fertilized by each of the remaining three types of sperm. 
If the double hybrid flies are bred with the new type havmg both mutant 
characters, the four possible combmations will appear in the progeny m equal 
proportions (Fig 457) 

This gives you the clue to the mheritance of the walnut comb of fowls 
In poultry there are a large number of types of comb The inheritance of four 
of them has been mentioned (Fig 459) These are the rose comb of the 
Hamburgs and Wyandottes, the pea comb of the Cochms, the walnut of 
the Malays, and the single comb of the Leghorns and other Mediterranean 



Pig 458 — Result of Mating First Hybrid Generation of Fig 457 

inter se 


breeds The difference between pea and single or between rose and single 
affects one pair of chromosomes only That is to say, rose by single gives an 
F 1 all rose and an F 2 of rose and single in the ratio of 3 1 Similarly 

with pea and smgle, pea being donunant If pure-bred walnut-combed fowls 
are crossed with singles, the F 1 are all walnut type, the F 2 are walnut, rose, 
pea, and smgle m the proportions 9 3 3 1 The same result follows a 

cross between pure rose and pure pea The single-combed condition may be 
taken as the wild type, and the walnut type has ansen by mutant changes 
affecting two pairs of chromosomes A change affecting one pair by itself 
produces the pea condition, and a change affecting the other pair by itself 
produces the rose condiuon Here, it is to be noted, both mutant changes are 
dominant, i.e the mutant character is exhibited if only a smgle member of 
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the modified pair of chromosomes mvolved is> present You can illustrate this 
result for yourself with the aid of a diagram like Fig 458 or 454 
The numerical results of experiments like those of Mendel thus receive 
a simple explanation on the assumption that the chromosomes are the seat 
of those changes which lead to the appearance of mdividuals with new 
hereditable propernes Further experiments have made it possible to show 

(1) that the matenal particle or gene responsible for the appearance of a new 
hereditable property can be identified with a particular chromosome, and 

(2) that It can be identified with a defimte position or locus on a particular 
chromosome 

In everything about which we have concerned ourselves so far it is a 


walzuxtr 



Pig 459— Four Iypes Oh Comb tue Domestic Fowl 


matter of complete mdiiference whether the character with which we are 
dealmg is introduced from the maternal or paternal side We also know that 
one pair of chromosomes is unequally mated m one sex So any change 
which started on this pair is not symmetrically distributed among the 
sexes In Drosophila (Fig 421) the female has one pair of chromosomes 
(the first pair or XX) represented in the male by one element (X) of similar 
dimensions and another (Y) of different shape Thus only half the sperms 
will carry an X chromosome Among the mutants of Drosophila there is a 
large class — more than a hundred — which do not behave like those with 
purple eyes, vestigial wmgs, or ebony body colour Crosses with wild type 
give different results accordmg as the mutant character is mtroduced from 
the maternal or paternal side 

One example of this class has white mstead of red eyes Crossed to pure-bred 
wild type (red-eyed) females white-eyed males produce offsprmg all of which 
are wild type, and when the hybrids are mated inter se one-quarter of their 
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progeny are wfute-eyed (Fig 460) The only anomaly is that all the F 2 
white-eyed flies are males When white-eyed females are crossed to pure 
stock wild type males, the result is more remarkable Only the female ofFsprmg 
of the first generation are red-eyed The males are white-eyed When these 





Fig 400 — Slk-limk£d Inheritance in Drosophila 

The male of the mutant stock with white eyes mated with a wild type red-eyed temile 
gives an F 1 all-red-eycd , m the F 2 only males are white-eyed The X chromosome 
bearing the mutant factor is shown m black, and the Y chromosome is shaded. 

crossbred flies are mated inter se one-quarter of dieir progeny are one- 
quarter white-eyed males, one-quarter white-eyed females, one-quarter 
red-eyed males, and one-quarter red-eyed females We can interpret this 
result, if we assume that the mutant gene which is responsible for white eyes 
IS on the X chromosome, and that it can override the effect of all the other 
chromosomes unless it is paired off with another X chromosome from wild 
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Stock If a mutant X chromosome is present m the male th(Jre can be no X 
chromosome to pair with it So the mutant condition will always be exhibited 
The mutant condition will not be exhibited by the female unless both members 
of the X pair carry the mutant gene 

The phenomenon of “sex-hnked inheritance,” as this asymmetrical type 


urkitc red. 





Fig 461 — Sex-linked Inheiutance in Drosophila 

The reciprocal cross lo that shown in Fig 401 When pure red-eyed males are crossed 
to wnite-eyed females the male offspring are white- eyed, and in the F 2 the red- eyed 
and white-eyed types are present m equal numbers m both sexes 

of transmission is sometimes called, was first discovered by Doncaster ( 1900 ) 
in moths In Lepidoptera the male is the XX type and the female XY or XO 
In the currant or magpie moth Abraxas, there is a pale-wmged (lacucolor) 
mutant m contradistinction to the dark-wmged (grossulariata) type Don- 
caster set out to find why females of the lacticolor variety are much com- 
moner than males On breedmg he found that dark-wmged males crossed 
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to pale female;* have only dark-winged offspring, which give dark-winged 
and pale moths in the rauo 3 1 when mated inter se All the pale moths of 

this cross are females In the reciprocal cross only the males are of the dark 
type, and the F 2 is composed of dark and pale, males and females, m equal 
proportions, Bearmg in mind the difference (p 859) between the chromo- 
somes of moths and Drosophila you will have no difficulty m applying the 
method of Figs 4G0-1 to mterpret this result An analogous type of scx- 
Imked mhentance occurs in birds (canaries, poultry, etc ), as, for instance, 
in the dominant X-borne mutant gene responsible for the barrmg of the 
plumage m the Plymouth Rock breed 

Agreement between experiment and microscopic observation is also 
illustrated by the phenomenon of non-dr junction ^ described by Bridges in 
connexion with several sex-hnked mutant characters of which our original 
mutant character (white-eye colour) will serve as an example There appeared 
among the white-eyed mutant stock of Drosophila certam strams of which 
the females, when crossed to normal red-eyed males, gave a certam propor- 
tion of red-eyed males and white-eyed females, m addition to the usual 
red eyed females and white-eyed males alone When the white-eyed female 
offspring of such abnormal matmgs were crossed back to red-eyed males they, 
in their turn, gave all four classes — red-eyed males and females, white-eyed 
males and females The white-eyed females behaved like their mothers, 
giving abnormal results m all cases Certain of tlie red-eyed females gave 
normal and others abnormal results in crossing Of the male progeny the 
red-eyed mdividuals were normal, whereas only half the white-eyed indi- 
viduals were normal, the remamder bcgettmg daughters whose progeny 
was exceptional Bridges found that in the abnormal white-eyed F 1 females 
the chromosome complex of the dividing body-cells was also abnormal — it 
showed a Y element m addition to the XX pan 

Microscopic observauon shows that in rare circumstances the X chromo- 
somes fad to separate when reducuon occurs So the ripe egg contams either 
two X chromosomes or none at all If we represent the sperms of a red 
male as X' or Y, two additional types of mdividuals will result from ferti- 
lization by a Y or X' sperm respecuvely, an XXY or white female, and X'Y 
or red male I his accounts for the exceptional individuals in the F 1, and 
accords with the facts observed Accordmg to whether the X elements 
segregate with respect to one another or the Y chromosome, the F 1 white 
females will have four types of eggs — XX, Y, XY, X If these are fertilized 
by a Y sperm (which does not mfluence red eye colour) we get four types — 
(^z) XXY white females, which will obviously behave m the same way, thus 
agreemg with breedmg experience, {b) YY — mdividuals with this constitu- 
tion cannot hve, (c) XYY — ^white males which should produce XY sperms 
so that m crossmg with normal wlute female daughters of the XXY type, 
producing exceptional progeny, would result, (d) XY — normal white males 
When the same four classes of eggs are fertihzed by an X' sperm carrying 
the red factor, four red types of offspring would result, as follows (^i) X'XX 
— a tnploid female which usually dies, {b) XT — normal red males, (c) XTX 
— red females with abnormal offsprmg, (d) X'X — noimal red females Thus 
the non-disjunction of the X chromosome m the formation of the eggs of 

21 
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some of the females of the parental white-eyed stock accounts for the entire 
series of exceptional genetic phenomena which occur m these strains 

THE CHROMOSOME MAP 

Such evidence can leave very httle doubt about the conclusion that the 
behaviour of the chromosomes provides the material basis of the numerical 
proportions found m breeding experiments There is now abundant evidence 
of the same kmd derived from the study of inheritance in widely different 
types of animals and plants pointing to the same conclusion Other expen- 
ments have made it possible to locate the changes which are responsible 
for particular mutant characters on a definite region of a particular 
chromosome 

The experimental results which lead to this conclusion may first be illus- 
trated by what happens m crosses which mvolve more than one sex-linked 
mutant character There is a yellow-bodied mutant of the fruit fly which 
behaves, when crossed to wild stock, m a manner analogous to the white-eyed 
form That is to say, the yellow females crossed to pure wild stock males give 
yellow males and grey females, and yellow males mated to pure wild type 
females give all grey offspring If we cross a yellow female with white eyes 
with a pure stock wild type male, the female offspring are wild type, but the 
males are yellow with wkte eyes, as we should expect (Fig 462) When these 
are interbred an unexpected result occurs A small but defimte proporUon of 
yellow individuals with red eyes and grey individuals with white eyes occurs 
Since the two properties are separable we can only conclude that the same 
part of the chromosome is not involved in whatever is responsible for the 
yellow mutant on the one hand and the white-eyed mutant on the other 
The numerical proportions in this case are approximately as follows 


Females 

Wild type 

Per cent 
24 725 


Yellow- white 

24 725 


Grey-white 

0 275 


Yellow-red 

0 275 

Males 

Wild type 

24 725 


Yellow- white 

24 725 


Grey-white 

0 275 


Yellow-red 

0 275 


We can also make a cross mvolvmg these two characters in a different way, 
as when we mate a yellow male and a white-eyed female The first generauon 
consists of white-eyed males and wild type females When bred inter se these 
give offsprmg of all four types 


Females 

Wild type 

Per cent 
25 


White-eyed 

25 

Males 

Yellow 

24 725 


White 

24 725 


Yellow-white 

0 275 


Wild type 

0 276 
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Inspccuon of •the figures for the males in these two crosses shews that the 
extent (1 1 per cent) to which the yellow and white mutant genes get 
detached^ when they are jntroduced from the same parent, is numerically 



Fig 462 — Crossing Over Between Two Sex-Linked Mutant 1 actors 

The part of the X chromosome containing the gene for yellow body is shown in black 
and the part containing the gene for white eyes is shaded The normal X chromosome 
IS left white and the Y chromosome is hooked and suppled 

equivalent to the extent (1 1 per cent) to which they tend to come together^ 
when they are introduced in the first place from different parents In a fixed 
proportion of reduction divisions the two pomts or loa, A and B, where 
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the mutant genes are respectively located, become mterchafiged m the two 
members of the X pair of chromosomes (Fig 463) This is m agreement with 
microscopic observation In the pairing before the.reduction division, corre- 
sponding chromosomes become twisted, and since the spht takes place 
longitudinally, appearances suggest that a crossmg over of corresponding 
segments occurs Closely neighbourmg regions are less likely to get mter- 
changed than regions farther apart So if the gene has a delimte locus on the 
chromosome, we should expect that genes located m closely adjacent parts 
would tend to stick together more often than genes whose loci he fanher 
apart 

The consequences of this conclusion can be seen best with a diagram 
(Fig 464) If A B C are three points on the length of a chromosome, and B 



Fig 463 — Dugram to Fxplain Crossing Over Between Two Loci 
ON A ChROMOSOMI 

(1) In the cross between yellow, white-eyed female and wild-typc mile 

(2) In the cross between yellow male and whitc-cyed female 

is mtermediate between A and C, crossmg over between the points A 
and C may take place in one of two ways The length on which C is located 
may be displaced with reference to A carrymg B with it, or the length on 
which C IS located may be displaced with reference to A not carrying B 
with It The first case involves the crossmg over of the loci of A and B The 
second involves transposition of the loci of B and C Hence if the three 
points are located m the order stated the number of cases in which the loci 
of A and C are transposed will be the sum of the number of cases m which 
A and B cross over and B and C cross over If the order of A B C is not given, 
the amount of crossmg over between A and C may be the sum or difference 
of the cross over A-B and B-C 

Let us now see how this apphes to the example just given Crossmg over 
takes place between the locus of yellow and the locus of white in 1 1 per cent 
of the reduaion divisions m the formation of the eggs There is another 
scx-linked mutant characterized by possession of wmgs which do not extend 
beyond the tip of the abdomen It is referred to as mmature In yellow 
mimature matmgs which produce a very large generation of flies, the cross- 
over percentage (cross-over value or C.O V ) is found to be 34 3, and an the 
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white immature cross the C O V is 33 2 The difference 1 1 corresponds to 
the cross-over value for yellow and white Thus the locus of white hes 
between the locus of yellow and mimature 1 1 umts of length from the 
former and 33 2 umts from the latter This relation holds good for all the 
sex-hnked mutant genes of Drosophila So it is possible to construct, as 
Morgan and his collaborators have done, a map (Fig 467) of the X- 
chromosome 

Thus far we have confined our attention to one group of mutant characters 
which have their origin m changes which occur at defimte loci on the X or 
first pair of chromosomes in Drosophila Now Drosophila has four pairs 
of chromosomes, all of which have been mapped out on the same prmciple 



A- B B-C 

55 11 


A--C M 5\ 

luG 404 — Linear Arrangement or TxIE Genes 

All that we have learned about the other chromosomes so far is that the 
genes for vestigial, ebony, and purple eye are not on the first (X) pair, and that 
ebony and vestigial are not on the same pair Besides ebony there is another 
dark-coloured mutant which is referred to as black When a ‘‘black” fly 
with vesugial wmgs is crossed back to the wild parent stock, the F 1 mdi- 
viduals are grey with long wmgs as m the ebony vestigial cross (Fig 465, 
right) If the F 1 males are mated with females of the black vestigial type, 
the entire progeny arc either grey with long wmgs or black with vestigial 
wmgs (1 1) A different result is obtained m the F 2 generation of a cross 

between a black mutant with normal long wmgs and a grey fly with vestigial 
wmgs (Fig 465, left). As before, the hybrid progeny are grey with long 
wmgs. If these F 1 males are crossed back to the black vestigial females, 
half the offsprmg are grey with vesugial wmgs and half of them are black 
With long wmgs. The results of both crosses can be mterpreted as before. 
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if we assume that we are dealing with mutant genes located on the same 
pair of chromosomes. This conclusion is reinforced by further experiments 



Fig 465— Iinkagf in a Non-Sex-Linkld Cross 

Fffect of back-crossmg to the double recessive female, the male offspruig ol a black 
X vestigial mating The region of a chromosome contammg a black gene is shown 
m black, the part contammg a vestigial gene is shaded, and the parts contammg the 
genes for grey and long are left white On the left the black and vestigial genes entered 
from opposite parents, and on the right they came in together In matmg the males 
from either cross with the double recessive female, the origmal linlkagcs appear un- 
altered in the offsprmg Compare Fig 466 


If mstead of crossmg back the F 1 males to the double recessive females, 
we make the reciprocal matmg of the F.l females to the double recessive male 
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type, the result is slightly different What happens when both the recessive 
genes (black and vestigial) are brought in from the same parent, is that 
the back cross of the F 1 females to double mutant males produces 41*6 
per cent black vestigial and 41 5 per cent grey long, together with 8 5 per 
cent black long and 8 5 per cent grey vestigial If the F 1 females of a cross 
in which only one recessive gene is mtroduced by each parent (Fig 466) 
are crossed back to the double recessive male, the progeny, mstead of bemg 
50 per cent black long and 60 per cent grey vestigial, are 41 5 per cent 
black long and 41 6 per cent grey vestigial, together with 8 5 per cent black 
vestigial and 8 5 per cent grey long The numencal results can be explained 
by saying that in approximately 17 per cent of reduenon divisions in the 
female a crossing over occurs between the two parts of the chromosome on 
which the two mutant genes respectively occur 

This conclusion can be tested by the method already apphed to white 
eye, yellow body, and mmiature wmg mutants The mutant with purple 
eyes is a simple recessive to the normal red-eyed condition The mutant with 
the bent-up ^‘curved wing'* is a simple recessive to the normal long- winged 
condition In a cross between mdwiduals mvolving the vestigial and curved- 
wing characters the cross-over percentage of 8 2 was based on a generauon of 
1,861 flies The cross-over value for the purple and curved genes was 19 9 
based on a generation of 61,361 flies The expeaed cross-over between ves- 
tigial and purple genes would therefore be 19 9 8 2* = 28 1 or 11 7 In 

an actual experiment in which 15,210 flies were reared, the cross-over value 
between purple and vestigial proved to be 11 8 The cross-over value for black 
and purple is 6 2, based on a generauon of 51,957 flies The expeaed cross- 
over value for the black vestigial cross would therefore be62±ll 8 = 18 
or 5 6 In an actual experiment, based on 23,731 flies, the value 17 8 was 
obtained To add yet another case m which the interrupted wmg 'em 
character, known as ‘ 'plexus/’ was investigated, the cross-over value for the 
purple and plexus faaors was 47 7, based on 350 flies The expeaed value 
for plexus-black would thus be 47 7 6 2, i e 53 9 or 41 5 In an actual 

experiment, involvmg 2,460 flies, the cross-over percentage was found to 
be 41 9 So we can arrange another group of mutant genes m a definite 
order on one of the remainmg three pairs of the chromosomes of the fruit fly 
The locus of purple lies between the loa of black and vestigial about twelve 
umts of length from the latter and six from the former 

Experiments up to date have shown that all the mutant genes of Drosophila 
fall into four groups (Fig 467) Members of the same group tend to stick 
together — completely m the male, and with a defimte amount of crossing 
over m the female Members of different groups behave m a manner analo- 
gous to the ebony-vestigial cross, i e they show "free assortment” m segre- 
gation Thus the number of linkage groups corresponds to the number 
of pairs of chromosomes, and of these four groups one, the smallest, can 
be identified with the small “fourth” pair of chromosomes in Drosophila 
on account of abnormal genetical results obtained m crossmg flies m which 
one member of this pair of chromosomes was found to be absent Recently 

* sign ± in this context means that the expeaed cross-over value exceeds 
I + ) or falls short (— ) of theprccedmg figure by the amount stated 
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Punnett has shown the existence of seven linkage groups in* the sweet-pea 
which has seven pairs of chromosomes So the arrangement of the genes 
in hnear senes has been shown to hold good for the sweet-pea Considerable 



f ji 



83% 17/. 


Fig 406^ — Crossing Over in the Black- Vestigial Cross 

Here the female FI of a black X vestigial mating are crossed with the double recessive 
male The original linkages art broken by crossmg over m the formation of 17 per cent 
of the eggs Chromosome conventions as m Fig 466 

progress has also been made towards a chromosome map of maize and the 
Chinese Primrose 

The results obtamed with experiments on the fruit fly apply to a wide 
range of hvmg creatures When Mendel’s principles were first rescued from 
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obscunty^ few/ if any, biologists would have been so bold as to assert that 
they apply to all types of heredity, and the majonty were only willing to 
concede grudgingly a restricted vahdity to the Law of Segregation Many 
continued to speak as if there were two sorts of inheritance, Mendelian and 
non-Mendelian Every year since the beginning of this century has witnessed 
a wider extension of the principle which Mendel first announced 

At one time a great deal of confusion arose through the use of the mis- 
leadmg term “umt character ” A smgle clear-cut anatomical difference may 
involve one or many genes There is no relation between the magnitude 
of the one and the extent of the other The inheritance of the walnut type 
of comb m the domestic fowl illustrates a clear-cut character diiference which 
involves two mutant genes If a charaaer difference mvolves two mutant 
genes on different pairs of chromosomes, we should expect rune instead of 
four distinct types m the F 2 generation, if there were no dommance, and the 
analysis of this result would not be at all obvious at first sight If three 
doimnant or recessive genes on different pairs of chromosomes determme 
a single character difference, the F 2 individuals would fall into one class 
with all three dommant characters, three classes with two dommant characters, 
three classes with one dominant character, and one class with no dominant 
characters m the ratio 27 9 3 3 3 1 If neither member of any 

of the three pairs of characters shew dominance the number of classes will 
be twenty-seven instead of eight 

So extremely compheated cases may arise, when only a few genes are 
involved m the inheritance of some discrete anatomical or physiological 
difference distmgmshmg two strams If only four genes on different pairs 
of chromosomes come into play, and none is dommant to its alternative, the 
number of classes m the F 2 is 81 Even so, we have only exhausted a small 
fraction of problems that present difficulty at first sight The succes:>ful 
analysis of such difficult cases justifies the confidence which Mendel’s 
prmciple now enjoys 


APPLICATION OF GENETICS TO HUMAN ECOLOGY 

In the absence of deftmte knowledge about hereditary transmission the 
improvement of stock and seed-producing crops was accomplishSd by m- 
breedmg and by artificial selection Individuals with the selected character- 
istic were propagated by repeated mating of close relatives havmg the same 
characteristic If this is carried on for many gen^ations pure lines of homo- 
zygous individuals can be established What could only be achieved by a 
long process of selecnon and inbreeding can now be brought about by 
systematic testing m two or three genera aons The difference between the 
two methods can be illustrated by takmg an example analogous to comb 
inheritance in poultry (p 982 and Fig 459) 

In rabbits two varieties. Blue Bevran and Chocolate Havana, are dis- 
tinguished by the slate and reddish brown colour of the fur If pure individuals 
of both types are crossed, the hybrid is black When the black hybrids are 
mated with one another four colour types of offsprmg are produced, namely 
black, blue, chocolate, and a fourth whose pale silvery coat is called “lilac ” 
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T he fact that there are four types shows that we are dealmg with two mutant 
genes One recessive gene {b) makes black fur slate-blue, the other {c) makes 
black fur reddish brown, both together make black fur lilac The F 1 hybrids 
receive b from their blue and c from their chocolate parents respectively 
They have neither m duplicate So if b and c are assumed to be recessive, the 
F 1 hybrids should be black All the possible genetic types which may occur 
may be represented m the letter symbols thus 


BlacK 

. BB 

CC 

BB 

Cc 


Bb 

CC 

Bb 

Cc 

Blue 

bb 

CC 

bb 

Cc 

Chocolate 

BB 

cc 

Bb 

cc 

Lilac 



bb cc 



Suppose now that black rabbits had been produced for the first ame by 
crossmg the Blue Bevran and Chocolate Havana The fancier or furrier of 
the old school would first mate the F 1 black hybrids inter se About 9 out 
of every 16 of their offsprmg \^ould be black and these would mclude all 
the four “genotypes” indicated above There will therefore be 10 types of 
possible matings of black litter mates as indicated m the ensiung table 



BB CC 

BB Cc 

Bb CC 

Bb c:c 

BB CC 

(0 

1 

(11) 

(lu) 

(IV) 

BB Cc 

(V) = (11) 

(VI) 

(vu) 

(viiO 

Bb CC 

(ix) = (ill) 

(X) = (Vll) 

(XI) 

(xn) 

Bb Cc 

i 

(xui) - (iv) 

(xfv) (vm) 

(xv) = (xu) 

(xvi) 


Of these ten types only one BB CC X BB CC wiU yield offspring which 
will mfalhbly breed true to type by contmued mterbreedmg If he rehes on 
tnbreediflg to get a pure stock the breeder has to go on breedmg black 
brother to black sister, rejecung parents which throw blue, chocolate, or 
lilac offspring, till one of the stocks has been observed to produce no throw- 
backs for several generauons After about twenty generations this result will 
usually have been achieved Selective inbreeding is an exceedmgly wasteful 
way of gettmg it, because there is a simple way of decidmg to which genotype 
an F 2 black hybrid belongs By makmg a chess board diagram (see Fig 454) 
you will see that when mated to lilac (bb cc), 

BB C.C gives progeny all black 

BB Cc gives progeny 50 per cent black and 50 per cent chocolate 

Bb CC gives progeny 50 per cent black and 50 per cent blue 

Bb Cc gives progeny 25 per cent black, 25 per cent chocolate, 

25 per cent blue, and 25 per cent lilac. 
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Fig 467 — Map of some of the Mutant Genes of Drosophila 


So if each F 2 hybrid black is mated once to a hiac individual the production 
of an all black htter makes it almost certam that it is a pure black (BB CC) 
The odds are at least 127 to 1 m a smgle litter of seven and 4^095 to 1 if two 
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successive all black litters of seven are reared At one step can therefore 
determine which of the F 2 hybrids are pure stock, and so achieve the result 
required m the second generatton from the ongmal cross 
You will also sec that there is no need to mbrced twenty generations of 
Iliac rabbits to get a pure stock All lilac rabbits must be pure, smce they are 
double recessives If we had started, knowmg only the black and lilac colour 
varieties, we should, of course, get the same result m the F 1 and F 2 of a 
cross between lilac and pure black Some of our blue and chocolates would 
be impure If we wanted to build up pure stocks of either we could test the 
blues and chocolates for further use by matmg to lilac, when 

BB cc would give all chocolate 

Bb cc would give 50 per cent chocolate and 60 per cent lilac 

bb CC would give all blue 

bb Cc would give 50 per cent blue and 50 per cent lilac 

This is an exceedmgly simple example of the practical application of genetic 
principles The fact that thirteen genes which affect the growth of the pollen 
tube are now known to be mvolved in the phenomenon of self-sterility m 
cherries will help you to get a picture of the scope of modern genetical research 
Just as he can combme the genes of vaneues with pea and rose comb to 
produce a pure walnut and single comb stock of poultry, or the genes for blue 
and chocolate to get a pure stock of black and hlac rabbits, the modern 
geneucist can combme the genes responsible for high resistance to a parasite 
(e g virus or rust) and for high yield of fruit, or for high yield and high baking 
quality of gram 

Among the first achievements of this kmd were Biffen’s rust resistant 
wheat called “Little Joss” and his later “Yeoman” wheat with good yield 
and “hardness,” i e good bakmg quahty American geneticists have produced 
good strams of beans which are resistant to a “mosaic” (virus) disease 
Salaman has produced a potato immune to wart disease Cotton growers m 
the Sudan are now using a strain which has been built up for resistance to 
the virus disease “leaf curl ” Curly Top is a virus disease of beet, mainly 
confined to the United States, which has a very disastrous effect, and m some 
parts of the country has put hundreds of thousands of acres out of cultivation 
The United States Department of Agriculture has now produced two resistant 
(not immune) varieties which allows deserted areas to be replanted 

An important techmque which is commg mto use is the method of crossmg 
a culuvated stram of high yield with a local wild variety which is suited to 
local conditions In this way the genes which make a crop resistant to local 
diseases, climatic or soil conditions can be combined with producuve 
capaaty In applymg this method a spectacular result was recently achieved 
m Java, where a mosaic disease threatened the sugar industry On crossmg 
the cultivated sugar-cane to a local wild type with high immumty, a new 
variety turned up The following remarks by Sir J Russell illustrate how 
existmg social machmery uses the bounty which scientific knowledge makes 
possible 

“One could dilate,” said Sir John, “on the achievement of the Dutch in 
Java, m produemg their new sugar-cane which quadrupled the output and so 
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lowered the price of sugar that the West Indies are m terrible distress, the 
sugar-beet industry of Great Britain is threatened, and all Europe would be 
in trouble but that they artificially keep out the new sugar 

One important conclusion which emerges from the contribution which 
genetics can make to the evoluuon of the human ecological system is that 
the possibihues of economic sclf-sufl&ciency m restricted geographical areas 
are mcreasmg daily Scientific chemistry has made Toledo steel and Castille 
soap anachromsms Scientific biotechnology is making the Jersey cow and 
the Cheddar cheese anachromsms It would hardly be too much to say that 
we can foresee only one limit to the evolution of productive and ornamental 
varieties of animals and plants which are adapted to local conditions The 
great obstacle to progress m biotechmcs is the lopsided development of 
mechamcal science imposed on us by industrial capitahsm 


EXAMPLES ON CHAPTER XXI 

1 A purple-eyed mutant of Drosophila crossed to pure wild stock which 
has red eyes, always gives offsprmg all red-eyed In one experiment the hybrids 
were mated inter se and gave offspring 107 red-eyed and 38 purple-eyed 
Interpret this with the aid of a diagram How would you test the genetic 
constitution of the red-eyed animals? 

2 A fruit fly with vestigial wmgs and ebony body colour is crossed to wild 
type The F 1 flies arc back crossed to the double recessive (ebony-vestigial) 
and the result is 

wild type 32 
ebony (normal wing) 29 
vestigial (grey body colour) 30 
ebony vestigial 31 

Interpret this result with the aid of a diagram What would be the result of 
matmg the wild type m the last experiment inter se ? 

3 Ah tile F 1 generaDon of a cross between a fowl with single and a fowl 
with walnut comb (pure bred) have walnut combs Back crosses of walnut to 
single gives the followmg 

walnut comb 73 
rose comb 71 
pea comb 74 
single comb 76 

Interpret this result by means of a diagram What would be tlte result of 
matmg chose with walnut combs inter se} 

4 The white plumage of leghorn poultry is dommant to coloured, feathered 
shanks is dominant to dean, and pea comb is dominant to smgle What would 
be the result of back crossmg the F 1 of a pure white, feathered, bird with a 
pea comb and a black, clean, bird with a smgle comb to the triple recessive? 

6 A race of black rabbits mated to lilac gives black hybrids which, when 
mated to their lilac parents, yield black, blue, chocolate and lilac offsprmg m 
approximately equal numbers. Four black offsprmg of black hybrid parents 
behaved as follows Buck A crossed with a lilac female had one survivmg 
offsprmg which was lilac When crossed with Doc B, the same buck sired three 
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successive litters, including m all 13 black and 3 blue offspring With Doe C 
It also sired three litters including m all 6 chocolate and 13 black offspring 
With Doe D It sired only black offspring in four successive matings Interpret 
these data, givmg the genetic constitution of the four individuals 

6 A Yellow male mutant of Drosoplula crossed to wild type (grey) females 
always gives grey offspring A yellow female mutant crossed to pure-bred wild 
type male has offspring half of which are grey females and half yellow males 
Interpret this result with the aid of a diagram What will result if flies from each 
of the F 1 are mated inter 5e? 

7 Barred plumage is a sex-Unked character of the Plymouth Rock breed 
dommant to the black of the Ancona breed A black Ancona hen is crossed 
with a Plymouth Rock cock and the F 1 males are crossed back to the mother, 
the F 1 females bemg crossed back to the father What are the results obtamed? 
What would be the result of an analogous experiment m which the reciprocal 
cross was the startmg pomt m the parental generation 

8 White eye is a sex-linked recessive in Drosophila White-eyed females are 
crossed to wild type males and the F 1 flies are mated inter se What is the result 
m the F 2 ? How would you test the constitution of each of F 1 females without 
the use of white-eyed males? 

9 Interpret the folio wmg experiment on Drosoplula hybrids with the aid 
of a chromosome diagram 

Pure stock sable male by Pure stock wild type female gave only wild type 
oftsprmg These hybrids when mated inter se gave offsprmg as follows 

wild type males 146 sable males 156 

wild type females 306 sable females 0 

Whdt results would you expect m the reciprocal cross? 

10 Interpret the followmg experiments with the aid of a diagram A pure 
wild stock of male Drosoplula was crossed to the mutant white-eyed stock, 
and Its progeny when mated inter se yielded a generation composed of 

white-eyed females 76 white-eyed males 73 

\Mld type females 69 wild type males 68 

With another white-eyed female the same type of experiment was earned ou^ 
and the second generation was composed of 

white-eyed females 97 white-eyed males 46 

wild type females 91 wild type males 93 

1 J Construct a diagrammatic solution of the followmg problem 

In Drosophila vermilion eyes are referred to a sex-lmked recessive mutant 
Irom the red-eyed wild stock Certain vermilion-eyed females have vermilion- 
eyed male and female and red-eyed male and female offsprmg when crossed 
to wild type These females have a Y chromosome m addition to the normal 
XX group How would you test their offsprmg m a cross with red-eyed males 
to detect differences m genetic constitution of outwardly similar mdividuals? 

12 Yellow (body colour), vermilion (eye colour) and sable (body colour) 
are sex-lmked mutants of Drosophila A yellow vermilion male is crossed to a 
wild type female, and the female offsprmg crossed to a wild type male The 
result IS 
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wild type females 1 20 
yellow vermilion males is 
wild type males 42 
yellow males 21 
vermibon males 2J 

A vermilion male is crossed to a sable female and the female offspring crossed 
to wild type males The result is 

wild type females 144 
vermilion males 04 
sable males 62 
vermilion sable maks 8 
wild type males b 

What would be the result of crossmg the female offspring of a sable >ellou 
female and a wild type male to wild type males? 

13 Two dark-bodied strams of Drosophila were homozygous for vestigial 
(i c both strams were vestigial) When crossed together these scrams gave 
vestigial wing and grey body (wild type) Each of these strains was then crossed 
to wild type and the F 1 males back crossed to their own double recessive 
parent The results were as follows 

btram A 

dark body 23 
vestigial 21 

dark body vestigial 20 
wild type 25 

Strain R ^ 

dark body 0 
vestigial 0 
wild type 75 
dark body vestigial 8 1 

Interpret these results with the aid of a diagram 

14 A laboratory worker forgot to label new culture bottles of dark-body 
and vestigial used in the previous examples In order to rectify this, males 
from each were crossed to wild type females and die F 1 males were then 
crossed back to respective double recessives The temperature regulation of 
the incubator went out of order, and the temperature rose to a very high level 
kilhng the parent flies One yielded 12 W T and Id others all double 
recessive The second yielded two flics only, both of which were dark-bodied 
with normal wmgs 

Use this information to idenufy your unlabelled cultures, givmg reasons 
Supposmg these flies had been dark-bodied with vestigial wmgs could he have 
labelled his botdes? Give reasons 

16 Illustrate the prmciple of the linear ahgnment of the genes by means of 
the foUowmg experiments on Drosophila mutant (a) Female offsprmg of 
vestigial by black back-crossed to the double recessive male gave 


vesugial 416 
black 421 


wild type 87 
black vestigial 91 
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(6) Female offsprmg of vestigial-purple back-crossed to the (double recessive 
male gave 

vestigial 336 wild type 44 

purple 326 purple vestigial 42 

(c) Female offsprmg of black-purple back-crossed to the double mutant 
male offsprmg gave 

black 464 wild type 28 

purple 488 black purple 32 

16 In a cross between the yellow-bodied mutant and a male of the vermilion 
eyed mutant stock of Drosophila the F 2 generauon produced by mating the 
hybrids inter se was as follows 

yellow females 103 
wild type females 98 

vermihon males 66 
yellow males 64 

Explain this result with a diagram, and determme the probable percentage of 
the followmg types 

wild type male and female, 
vermihon, yellow male and female, 
vermihon male and female, 

m the F 2 generation of the cross between a wild type female and a vermilion- 
eyed bodied male 

17 A black purple vestigial female was crossed to a wild type male, and the 
F 1 females were crossed back to black purple vestigial males The following 
results were obtamed 

black purple vesugial lO’S 
wild type 104 
black b 

purple vestigial 8 
black purple I ^ 
vestigial 17 

black vestigial 1 / j ui \ 

, , ® c (double crossover) 

purple 1 J ^ 

Interpret this by means of a diagram Note the small number of double cross- 
overs 

18 In a senes of Imkage crossovers the X chromosome yellow was found 
to be 36 units (% crossover between yellow and miniature) from miniature, 
white was foimd to be 36 umts from mmiature and yellow was found to be 
1 umt from white The numbers on which this was based was small The 
expenment as it stands yields no information as to the order of yellow, white, 
and mimature Female offspring of yellow males and white miniature 
females were crossed to wild type males The followmg was the result. 


wild type males 36 
vermihon-eyed yellow- 
bodied males 33 
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Wild type females 105 
wliite miniature males 37 
yellow males 34 
wild type males 1 
yellow white immature males I 
yellow immature males 20 
white males 19 
white yellow males 0 
mimature males 0 

What IS the order of genes concerned? What conclusions could you draw if 
there had been no yellow white mimature, no wild t\'pe, no mimature, and two 
yellow whites 

19 A purple vestigial stram in Drosophila was crossed to wild type, and the 
offspring were found to be all wild type The F I females were mated singly 
with single purple vestigial males and two cultures gave the followmg result 

Culture I Culture II 

purple vestigial 80 purple vestigial 57 

wild type 82 wild type 104 

purple 11 purple 11 

vestigial 9 vestigial 25 

Interpret these results with the aid ot a dngram, and state what experiments 
you would set up to prove your hypothesis You may assume that animals 
suitable for mating were retained in both cultures 




PART V 


The Conquest of Behaviour 


“In this search for information about myself from eminent 
thinkers of different typeSj^ I seem to have learned one lesson, 
that all science and philosophy and every form of human speech 
IS about objects capable of bemg perceived by the speaker and 
hearer, and that when our thought pretends to deal with the 
subject It IS really dealing only with an object under a false 
name The only proposition about the subject^ namely I am, 
can never be used in the same sense by any two of us, and 
therefore it can never become science at all ’’ 

J\Mr^ CIERK MAXWEIL 




, CHAPTER XXII 

ANIMAL MAGNETISM 
or 

The Telegraphy of the Body 

Modern society depends for its day-to-day existence on a large corpus of 
organized and recorded knowledge Much of it has come mto being during 
the past two centuries In this sense it is true to say that the pre-eminence of 
the scientific outlook is characteristic of our own civilization in contradis- 
tmcaon to the civihzed societies of antiquity The fullest use of science for 
human well-bemg will only be possible when our knowledge of material 
resources is supplemented with genume scientific knowledge of human needs 
If we possessed such knowledge, a concludmg secuon of this book dealmg 
with the story of man’s Conquest of Behaviour might be entitled to more space 
than two remaimng chapters The little that can be said at this stage has little 
relevance to the most pressing problems of man’s social relations and to his 
future What importance it has lies less in showing us how to solve problems 
of human conduct than m suggesting how thev must be stated, if we hope to 
get an mtelhgible answer to them Along the short road which we can traverse 
as yet, there are no conspicuous milestones of progress Ail that we can hope 
to see are a few legible signposts pomtmg ahead of us The legend they bear 
IS The Scientific Outlook 

At any stage in the story of science conspicuous advances depend on the 
coincidence of a variety of circumstances the effects of which reinforce one 
another There must be economic provision for the livelihood of the in- 
vestigator and the social apparatus for mamtammg a necessary minimum 
of literacy and contmmty with past experience Natural and social agencies 
must conspire to force a certain class of problems on the attention of a 
sufficiently large number of people with the requisite access to pre-existing 
sources of knowledge The social structure must be sufficiently plastic 
to allow powerful social groups to reap the advantages of new discoveries 
and make provision for rewarding them and encouraging them These 
are condmons of scientihc progress common to ancient societies and to 
our own Today, as in ancient umes, scientific enquiry attracts the largest 
emoluments, enhsts the largest reserves of ability, and secures the most 
favourable opportumties for large-scale tests of the truth of its hypotheses 
in departments where socially fruitful discoveries are being made In ancient 
times, as now, great activity in one department of knowledge generally leads 
to mcidental discoveries destined to become the keystone of new sciences 
in a different social context Such mcidental discoveries are the present sub- 
stance of a science of behaviour 

Two features specially distmgmsh the relation of knowledge to social 
organizauon in modem and ancient civilization One is that umversal educa- 
Uon mcreases the tempo of discovery and diraimshes the danger of colossal 
wastage which accompamed the destruction of a civihzation m ancient times. 
The other is that we arc becommg aware of the soaal conditions which 
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guarantee the continued progress of human knowledge In earlier societies 
the restriction of education ta a small caste limited the apphcation of dis- 
coveries to a restricted context, and checked the co-ordmation of techmeal 
advantages inherent m different local practices In the caste-ndden societies 
of antiquity the encouragement of discovery was therefore local and sporadic 
Had the discovery of artificial fertilizers been made m the Alexandria of 
Erasistratus there would have been no system of American agricultural 
colleges and primary schools to diffuse the new knowledge over half a conti- 
nent m a single generauon It would have been impossible to enhst an 
organized world-wide body of trained workers to develop it farther 

Scienufic research, endowed from a variety of sources, now embraces a 
much wider field of interest The work of scientific mvcstigators employed m 
Government or mdustnal labora tones, m universities and techmeal colleges, 
IS co-ordinated by a world- wide medium of mtercourse through speaahst 
journals m which discovenes are made pubhc Scientific research thus begms 
to assume the aspect of a separate soaal mstitution While it still has external 
relations to navigation, to manufacture, and to husbandry, it has mtemal 
characteristics Its mtemal charactenstics anse partly from the immediate 
effect of discoveries made by one group on the problems which other groups 
of scientific workers can undertake, and partly from the soaal influence which 
scientific workers collectively exert on the pohey of pubhc education 

In studymg the social background of scientific discovery, our perspective 
therefore changes as we approach the present century In ancient times 
everyday work m fields, m mines, m military defence, and in ships at sea 
furmshed the raw materials of any orgamzed body of recorded knowledge, 
and immediate social needs supplied the mcentive for any speaal encourage- 
ment of inventive capabihty or for professional interest by a literate personnel 
Tasks carried out in scienafic laboratones are now an increasingly important 
part of the world’s everyday work, and they supply the clues which lead to 
new branches of scientific knowledge Intelhgent anticipation of useful 
apphcations encourages research which is not directly prompted by new 
or urgent social needs, so the tempo of discovery m new fields of research 
depends less on the external demand for its appbcauons and more on the 
external demand for scientific knowledge of other kmds 
This IS specially true of saentific knowledge about the sense organs, the 
nerves, the ductless glands and their relations to behaviour. Before the 
beginning of the mneteenth century what httle we knew about sensation in 
ammals was circumscribed by the five senses of introspective philosophy 
We knew next to nothmg about how our nerves control digestion, balancmg, 
the act of breathing or the blood supply to the tissues, and nothmg at all 
about the hormones or chemical messengers of the body Apart from a few 
minor apphcations in surgery, the knowledge we now possess does not yet 
mfluence the practice of medicine or agriculture, and no new problems of 
pubhc health or of animal husbandry have conspicuously prompted the search 
for new mformation The problems which will be discussed m this chapter 
have excited the mterest of the medical profession from time immemorial 
Until the beginning of the nineteenth century advancmg knowledge m other 
fields of saence had not provided the necessary mstruments for solvmg them 
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Elsewhere oar narrative has kept close to discoveries which have been, 
or may well be, instrumental in creating amenities which minister to common 
human needs. Scientific knowledge also mfluences the soaaJ praaice of man- 
kind when It comes into conflict with vested interests in forbidden topics 
The problems of ammal behaviour with which we shall now deal are sigm- 
ficant in this way Between the trial of Galileo and the controversy provoked 
by the wntmgs of Darwin no ma)or conflict between science and superstition 
had arisen In France and Italy the Cathohe Church retreated unobtrusively 
to a more advantageous position by condomng the latitude permitted by their 
Protestant neighbours The intellectual ferment which followed the trial of 
Galileo called for a face-savmg formula, and a face-saving formula was forth- 
coming in the wntmgs of a Cathohe mathematician The new deal of Descartes 
sausfied Cathohe statesmen, Protestant theologians, and the personnel of the 
new academies by fixmg the boundary between faith and reason where there 
was no imminent danger of a frontier dispute 

The Cartesian compromise relmquished the Pauhne distmction between 
terrestrial bodies and celestial bodies which had lately presided over chemical 
reactions and human respiration The spints of the retort were repatriated, 
and the universe of rational discourse was partitioned between souls and 
bodies Souls, bemg ehgible for salvauon, were the concern of the Church 
sustained by moral philosophy as its customs official Bodies, which mclude 
dead matter, the brute creation, and the human frame, were to be the province 
of natural saence Smee the brute aeation is not eligible for salvation, the 
actions of animals have no intrinsic moral value, and require no Cartesian 
soul to supervise them How they behave is fair game for the naturahst, 
who can gam second-hand knowledge about what decides their actions by 
usmg his eyes, ears, and hands In contradistmction to this second-hand 
knowledge of bodies, Cartesian teachmg also recogmzed a different and 
higher sort of knowledge, with which moral philosophy sustains convicuon 
in revealed truths Human actions which have moral value are deaded by 
the Cartesian soul We can get first-hand knowledge of the way it works by 
shuttmg our eyes and keepmg quiet As far as science is concerned, the 
Cartesian soul was a forbidden topic 

The controversy over Darwm’s teaching therefore raised issues of much 
wider mterest than the hteral truth of a Hebrew narrauve Bishop Wilber- 
force and his supporters saw which way the wmd was blowing before the 
Descent of Man set forth the affinities of the human species with other 
animals If the basic ingredients of man’s intellectual acaviues can be 
traced to the soaal behaviour of gregarious apes, the old familiar landmarks 
between the proper sphere of scientific observation and the parish of moral 
philosophy disappear, and their respecave claims must be judged by their 
fruits. 

Some tune elapsed before the implications of Darwm’s doctrmc w ere fully 
rftflized by his own supporters There were foolish controversies between 
partisans who asserted that “mmd” has evolved from “matter” and others 
who said that matter has evolved under the gmdance of a universal mmd 
Opposmg factions floundered m a morass of abstract nouns with no agree- 
ment about theu* meamng. Their disputes could have no practical outcome, 
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because scientific enquiry is not concerned with the distCnction between 
mind and matter It de^s with a changmg world m which we recogmze 
charactensuc patterns of behaviour and label them with appropriate adjectives 
When we have done so, we add nothing to our previous information by 
transfomimg one part of speech into another We may, for mstance, dis- 
tinguish the automatic activity of a cash register from the intellectual activity 
of the cashier, but, when we have done so, nothmg is gamed by saying that 
one IS “caused” by its automatism, and the other is “caused” by his mtelb- 
gence So also it may be useful to distmgmsh the conscious behaviour of a 
man when he is tallung to a friend from his unconscious behaviour when 
he is walking m his sleep, or to disungmsh his mental behaviour when he is 
writmg a book from his material behaviour when he is falling off a ladder 
We lose our grip on the essential fact that we are talking about a man, 
when we say that we are studymg consciousness or unconsciousness, mmd 
or matter 


WHAT IS MEANT BY ANIMAL BEHAVIOUR 

In tms broad sense of the term every thmg which has been dealt with in 
the last few chapters is part of the study of how hvmg creatures behave 
Behaviour is generally used by biologists in a more hmited sense, more 
espeaally to call attention to a class of characterisucs which conspicuously 
distmguish animals from plants or non-hvmg things 

One obvious characteristic of an animal as such is its great reactivity It 
IS changmg its shape, its position, its hue, its texture, contmually and rever- 
sibly Often these changes can be traced to relatively msigmficant events m 
Its surroundmgs, and its great receptivity to shght changes m its neighbour- 
hood IS another characteristic which distinguishes it from a relatively 
compheated man-made machme A flash of hght, a draught of cold air, a soft 
sound, or a shght jerk which would have no effect on the motion or appear- 
ance of a motor bicycle may have drastic effects on a racehorse Knowmg 
how to control an animal is therefore vastly more compheated than knowmg 
how to control a smgle machme A far better metaphor would be a deserted 
factory with a variety of machmes and generators, radio eqmpment, telephone 
and hghtmg arrangements The problem of animal behaviour is to find our 
where the switches and self-startmg devices are placed, where the fuse boxes 
are located, how the wires are conneaed, and what sort of work each machine 
carries out. 

The active responses of ammals are earned out by different parts of the 
body The organs associated with the various types of reactivity which 
animals display are collectively called effector organs The three most common 
are (a) muscles which execute the mechamcal movements of talkmg and 
walkmg, peristalsis (the squeezmg of food along the gut) or the beatmg of 
the heart, {b) glands which produce chemical products or secretions such as the 
sahva, sweat, or tears, the shell of the fowl’s egg, the ink of the cuttle-fish, the 
poison of a snake, or the shme of the slug, (c) ciliated epithelium which 
maintains fluid motion over body surfaces such as the inside of the human 
wmdpipc or the gills of a clam These three types of reactivity are exhibited 



Antmal Magnetism 1017 

by nearly all animals and nearly all animals possess the eifector organs 
responsible for them 

In addition, many ammals, e g cold-blooded vertebrates and Crustacea, 
exhibit reversible colour changes for which the chameleon is undeservedly 
notorious These are brought about by the presence of branching cells in the 
skin These cells or chromatophores contain pigment which can concentrate 
in compact masses at the centre, leaving most of the skm surface clear, or 
flow out mto the branches where it forms an interlacmg network of light 
absorbmg material (Fig 468) Many marine animals and some insects (fire- 
flies and glow worm larvae of ground beedes) produce light by photogenic 
effeaors which manufacture an mtermittent supply of phosphorescent 
material A few fishes hke the elcctnc eel have electrical effector organs by 
which they can admmister serious shocks to other creatures 

That Receptivity is also localized is easy to see when any of these responses 
can be traced to some occurrence in the surroundings of an animal Re- 
searches of this kind teach us that impersonal observation can lead to correa 
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Fig 408 — Black PiGMrwr Chls from the Skin of the Frog, Showing Fi\^ 
DrcRFEs OF Expansion oi thl Pigmfni Along the Clll Branchs, Which are Oni y 
Cleakiy Visibie Whire the Figment Fills Them 


conclusions, when what is wrongly called “direct” or “immediate” knowledge 
of “our own sensations” leads to entirely false ones We can see this clearly 
if we consider a type of behaviour which human beings do not exhibit 
The external agencies which influence colour change" in the lower vertebrates 
have now been ascertained with sufficient thoroughness to enable us to state 
what steps must be taken, if we wish to make an ammal respond m a par- 
ticular way It can be evoked by a variety of external agents, notably hght, 
humidity, change m temperature, and certain forms of mechanical and elec- 
trical stimulauon In the laboratory each of these agencies can be vaned, while 
the others are kept constant Their separate contributions can be distmguished 
and their mutud relations determmed When a supply of oxygen, adequate 
diet, and the general conditions essential to the eflficient workmg of the 
bodily machine are satisfied, we can prescribe how to make a chameleon or a 
frog turn dark olive or pale yellow, )ust as we can presenbe how to make 
htmus dye turn red or blue 

Chameleons, if undisturbed, remam dark m a well-illummated situaaon 
so long as the temperature is well below that of the human body They will 
become completely pale after siutablc stimulation by a succession of electnc 
shocks or by mechanical pressure. Two blunt pins connected with the 
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terminals of a tov shotking-coil to act as stimulaung “electrodes” can be used 
for the first and a glass rod lor the second II the skin of the surface ol the 
body, the root of the mouih, and the anal orifice are respeaively stiniuJaied 
t>y a senes of ekctric shocks, or by hard rubbing with a glass rod, the results 
obtained may be tabulated thus — 


Stimulus 

Electrical 


Mechanical 


COLOUR CHANGE IN 
Area 

Skin ot Surface 
Roof of mouth 
Anus 

Skm of surface 
Roof of mouth 
• Anus 


FHE CHAMELEON 
Respotise 
Local pallor 
Generalized pallor 
Ciencralized pallor 
No effect 
No efiett 

Generalized pallor 


This shows that there are two definitely localized regions where the appli- 
cation of an electrical sumuliis evokes tlie response of generalized pallor 
In modem nomenclature they are spoken of as receptor areas, m the older 
termmology as sense organs Only one of them is a receptor area for 
mechamcal stimulation 

Between a temperature of 10° C and 20® C a chameleon is uniformly pale 
in darkness, and responds to bright hght by becoming dark Anthropomorphic 
prejudices would lead us to assume that this response depends on the eye 
This IS not so It has no definue receptor organ associated with it It can be 
elicited in a restricted area of the body subjected to local illumination, and is 
unaffected by blinding or blindfolding the animal As far as this response is 
concerned tlie chameleon behaves as if it had shn-sight 

Analogous remarks do not apply to tlie colour changes which are shown 
by frogs or mmrows vhen transferred from white to black vessels or vice 
versa The English common frog can change from a blackish to a bright 
yellow hue in appropnate situations The contrast, which is no less striking 
than the proverbial changes of the chameleon, has attracted less commen 
because many hours elapse before it is complete Its relation to hght has 
been studied very thoroughly in one of its near cousms, the South African 
clawed toad (Xefiopus laevis), which hves m water and is much less suscep- 
uble to the influence of temperature The skm colour of normal clawed toads 
kept under normal conditions of temperature with uniform illumination in 
wlute tanks is invariably pale and in black tanks invanably dark The be- 
haviour of normal and blinded individuals is contrasted m the followang 
table — 

COLOUR CHANGE IN XENOPUS LAEVIS 

White background Black background 

Normal ammal Very pale Very dark 

Animal after removal of eyes or dc- Intermediate Intermediate 

struction of the “retina 


This experiment shows that the internal disturbance which underlies 
colour response to light m the clawed toad is initiated m a restricted area 
of receptive tissue, the retina of the eye In this sense wc arc entitled to say 
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that the eye of fhe frog is an organ of vision In saying so, we do not introduce 
any notion which belqngs to the domain of our personal feelings We mean 
that one localized region m the body of the clawed toad is the starting point 
of the tram of events which culminates in colour change when hght impmges 
upon It. 

Such a statement is analogous to saying that a button which, when pressed, 
sets the engme in motion is situated on the floor of a car The biologist 
investigates the sense organ as he would deal with the self-starter of a car 
il he were ignorant of its mcchamsm It he allowed himself to be led by 
the analogy of his own experience, he would be driven to mcorrect con- 
clusions about the way m which light mfluenres colour change in the 
chameleon, whose skin responds directly to incident illumination The study 
of vision in frogs and toads also contains pitfalls tor the unwary mtrospec- 
tiomst The clawed toad will collect at the dark end of an aquarium which 
IS unequally lUummatcd Ihis is true of eyeless mdividuals as well as 
normal ones Whereas the eye of the toad is the receptor organ for response 
to ‘^background” by change of colour, the whole of the skin is a receptor 
organ for the aaivities which bring the animal mto a shady situation 

Ihe phenomena of colour change provide a further illustration of the 
localization of a famihar form of receptivity m an unusual situation Drought 
and numiduy in frogs, especially tree frogs, teod to produce pallor and 
darkenmg of the skm respectively when other factors are maintamed con- 
stant In human bemgs the response to drought is mainly localized in the 
mucous membrane of the throat Biedermann states that the influence of 
humidity and drought on colour change m the tree frog is completely abohshed 
by pamtmg the pads at the extremities of the toes with cocamc, a drug which 
paralyses receptivity “Toe-tbirst” is therefore a definite problem for in- 
vestigation and control, though no conceivable effort of imagmation could 
mtroduce any meaning mto a discussion of what a frog feels like when its toes 
are thirsty When we are concerned with how to make an animal behave m 
a particular way the traditional terminology of feeling, will, and purpose have 
as httle relevance to our task as the spirits of alchemy have to the processes 
in the retort 

Thus the problem of behaviour as the word is used in biological science 
mcludes (a) the discovery of physical events {stimuli) which mitiate active 
responses, (h) the localization of the receptive area on winch the stimulus 
operates, (c) the modus operandt of the effector organ which executes the visible 
response, and Imkmg up (6) with (c) the processes which make it possible for 
a localized stimulus acting on one part of the body to ehcit a localized response 
in another part of the body This aspect of behaviour is called co-ordination 

The study of co-ordmation depends on being able to isolate a single unu 
of behaviour starting with a defimte stimulus and ending m a characteristic 
response Such a sequence of events is called a reflex A reflex that is very easy 
to demonstrate m the frog is the withdrawal of the foot, when the toes are 
allowed to dip mto water warmed to about the temperature of the human 
body If we suspend a frog which has been pithed (i c the brain destroyed) 
with the legs h^gmg downwards, and brmg a beaker of water gently mto 
position so that the toes |ust dip mto the water, we find that nothmg happens 
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if the water is at the temperature of the room, but the leg is pulled up if the 
water has been previously warmed to about 40° C If we time the interval 
between the immersion of the toes and the withdrawal of the limb, we find that 
It IS a matter of seconds Somethmg has been happenmg durmg those seconds 
What and where is the aspect of behaviour imphed by the term co-ordinauon ? 

Examples of simple reflexes, most of which can be easily studied m our own 
persons, are given in the table below — 


Action 

Quickening of heart when 
Its blood supply increases 
Contraction of pupil m 
strong light 

Secretion of saliva on smcll- 
mg food 

Sneezmg after pepper 
Knee ;erk 


Receptor 

Ncrve-endings in right 
auricle 
Retina 

Olfactory organ 
Olfactory organ 
“End organs'’ in tendon 


Effector 
Heart muscle 

Plam muscle of ins 

Sahvary glands 

Muscles of chest and 
diaphragm 

Extensor muscles of 
thigh 


The chief means of transmission of the disturbances set up m the receptor 
organs to the effector organs that carry out the ensumg responses is the 
nervous system An instructtve experiment can be canned out if we hang up five 
decapitated frogs in the manner mdicated above after smppmg away the bone 
known as the urostyle (at the end of the vertebral column) This exposes two 
groups of shining white cylmdneal trunks which are then seen to pass from 
the backbone downwards to the muscles of the legs Wc can now leam what 
is the path by which the disturbance set up m the temperature receptors of 
the skin of the toes travels to the muscles of the thigh 

In one frog the white trunks {sciatic nerves) of both sides are left intact 
In a second the sciauc nerve of the right side is cut In a third frog the saanc 
nerve of the left side is cut In a fourth frog the sciauc nerves of both sides 
are cm And in a fifth frog neither are cut, but a wire is passed down the 
canal of the backbone to destroy the nerve stem or spinal cord Havmg done 
this we may try the effect of letung the toes of both feet dip mto warm water 
Both legs of the first frog are withdrawn Only the left leg of the second 
and only the right leg of the third frog is withdrawn Neither leg of the 
other two frogs is withdrawn From tins we conclude that the something 
which is happening between the immersion of the toes and the withdrawdl 
of the foot travels by a definite road, namely, along the saauc nerve, and 
further that it travels first up to the spinal cord and then down to the leg 
muscles This something is called the nervous impulse 


TH£ SOCIAL BACKGROUND OF NERVE PHYSIOLOGY 
That the nerves are the pathway of communication involved m the co- 
ordination of the reflex sumulus with its appropriate response was recogmzed 
by some of the earlier Alexandrian surgeons such as Herophilus {c 300 B c) 
It was estabhshed by the experimental work of Vesahus, who observed that 
cutting nerves sufficed to paralyse all movements In the succeeding century 
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of medical rcsdkrch the essential part played by the central nervous system 
(spmal cord and brain), as opposed to the penpheral nerves which carry 
impulses from the receptor organs to it and impulses from it to the effector 
organs, was discovered by such experiments as the foregoing It was also 
found that a frog’s muscle removed from the body along with an attached 
nerve trunk wiQ contmue to contract for many hours m a moist atmosphere 
whenever the nerve is stimulated by mechamcal pressure or by chemical 
irritants 

Little more than this was known before the closmg years o^ the eighteenth 
century. All authenac knowledge about nervous co-ordination available at 
that time could be demonstrated by consecutive expenments lastmg less 
than half an hour Three agencies specially contributed to the knowledge 
which has accumulated since then The first was the discovery of current 
electricity The second was the revival of microscopic enquiry which accom- 
pamed the mtroduction of achromatic lenses The third was the impact of 
the evoluuonary specula uon 

We have already learned that progress in the study of electnaty durmg 
the eighteenth century was closely connected with medical enquincs The 
spark and crackle of the Leyden jar reproduced the physical phenomenon 
of lightnmg in miniature, and the powerful shocks which accompamed its 
discharge recalled the pecubar activity of the electric eel, a phenomenon 
known to naturalists from the time of Aristotle The production of the shock 
itself became an ob)ect of special interest when it was found that an isolated 
muscle will contract after frictional discharge through it or through its attached 
nerve trunk In the course of such studies Galvam made the observations 
which ultimately led to the discovery of current electricity (p 048) From his 
time till the present day knowledge of the nervous system has contmually 
reaped new benefits from advances in electrical science, and has responded to 
the social forces which have encouraged research into all kinds of electrical 
phenomena 

Galvani’s discoveries stimulated interest in the characteristics of nervous 
tissue, when the comparanve anatomy of ammals was advancmg, and by 
so doing contributed to its advance Before Cuvici’s time tlie discovery of 
sexuabty m plants had been the only notable contribution to new prmciples 
of biological classification, and nothing was known about the nervous system 
of the lower ammals The geological record show^s that plants have accommo- 
dated themselves to new conditions of hfc by adoptmg new methods of 
reproduction, and their reproductive organs arc of primary importance in 
a classification based on unity of type This is less true of animals, whose 
evolution has been associated more particularly with new methods of locomo- 
tion, escape, and search for food The pecubarities of the sense organs, the 
effector mechaiusms and the nervous system which Unks the two provide 
the master-key to umty of type in ammals, and no substantial progress in 
<inimal taxonomy could be made until a comparative study of the nervous 
system had been undertaken In his dissections of molluscs, arthropods, and 
echmoderms, Cuvier paid special attention to the nervous system and earned 
out expenments to identify it 

The work of Darwrm’s predecessors was continued by his followers with 
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a new end in view While the status of the human speaes occupied the centre of 
the stage, a satisfactory theory of evolution could not rely exclusively on 
anatomical evidence Although the anatomical charactenstics which dis- 
tinguish a mathematician from a marmoset are triflmg in comparison with 
the anatomical charaaenstics which distinguish a marmoset from a mouse, 
few evolutiomsts could commit themselves to a corresponding statement 
about the charactenstics of their behaviour, and they would not have been 
wise to do so Their only course was to seek for more information about 
how new patterns of behaviour evolve and how they are conneaed with the 
characteristics of the nervous system 

The comparative study of behaviour in a wide range of living creatures 
brought about a new onentation Most of us believe that we know how' vve 
make deasions, and we bring the same prejudices into action when we 
watch the behaviour of a sheep-dog Wc can study how the leaves of a sensitive 
plant “decide” when to open or close without domg so, and we are not easily 
tempted co believe that we have discovered anything new about the behaviour 
of a plant when we have added a new abstract noun to our vocabulary So 
the training we get from studying organisms which have bttic resemblance 
to ourselves teaches us the pitfalls of verbal analogies and the need for careful 
observation 

“An impetus/' says Pavlov, “was given to this transition by the rapidly 
developmg science of comparative physiology, which itself sprang up as a 
direct result of the theory of evolution In dealing with the lower members 
of the animal kmgdom, physiologists were of necessity compelled to reject 
anthropomorphic preconceptions and to direct all their efforts to the elucida- 
tion of the connections between the external stimulus and the resulting response 
This led to the development of Loeb's doctrine of Animal Tropisms, to 
the introduction of a new objective ferminology to describe animal reactions 
and finally it led to the investigation by zoologists, using purely objectivt 
methods, of the behaviour of the lower members of the animal kmgdom " 


THE REFLEX ARC 

Renewed attention to minute anatomy associated with technical improve- 
ments of the microscope during the twenties and thutics of the nineteenth 
century bore fruit in the elucidation of the “reflex arc,” that is to say, th^ 
path which the nervous impulse traverses in ±e central nervous system 
between the receptor and the effector organ If we tease a nerve like the 
sciatic nerve of the frog with needles wc can separate it into a large number 
of cylindrical fibres, each of micToscopic thickness and each surrounded b} a 
minute sheath of fatty material By tracmg these fibres back to the spinal cord 
we eventually find that they are simply attenuated processes of branching 
cells Some of them originate from branchmg cells in the grey matter or 
core of the spinal cord, where their finer branches are closely connected 
wath the terminal branches of other nerve cells or neurones Branching cells 
of this type also occur in the central nervous system itself Their fibres 
run up and down the outer rind or while matter of the spmal cord, carrv- 
mg nervous impulses from one level to another Others of the fibres ol a 
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mixed nerve, i e a nerve carrymg impulses both to and from the cord, hke 
the sciatic nerve of the frog, do not have their cell bodies within the spinal cord 
Their cell bodies are m swellings known as the dorsal root ganghuy situated 
near where the nerve is jomed to the cord (Fig 471) The cells of the dorsal 
gangha send branches into the spinal cord, where they arborize around the 
cell bodies found in the grey matter A smgle nerve fibre, with its sheath, in 
a vertebrate animal, is not more than a hundredth of a millimetre in thickness, 
though in ourselves it may be as much as a yard in length 
1 he experiment cited on p 1020 indicates that a nerve like the sciatic nerve 
of the frog is a bundle of fibres, some carrying nervous impulses in either 


^^xtnulatccL ^tmtulabed^ kere 



iUG -109 — Diagram to Illustrate MOller’^ Experiment 
Dorsal root cut at A, ventral root cut at R 


direction It does not tell us whether impulses normally travel m both 
directions in the same neurone or whether some neurones are ajfermty carry- 
ing impulses from the receptor to the cord, and others efferenty carrymg im- 
pulses from the cord to the effector organ Other experiments show that 
most nerve trunks contain two different types of neurone 
If we trace any nerve back to the spmal cord, we find that it is connected 
with it by two separate trunks, the dorsal and ventral roots, the former ot 
which are swollen and contam, as stated, cells, from which fibres pass in 
both directions, towards and away from the cord (Fig 471) If we cut a 
spmal nerve at its peripheral end, muscular contractions can be ehcited by 
electrical stimulation of the nerve on the central side of the cut After cuttmg 
the dorsal root these reflexes will not be obtamed This shows that all the 
afferent impulses pass mto the cord by the fibres whose cells are located m 
the dorsal root ganglion If the dors^ root of the cut nerve is left mtact, 
section of other dorsal roots of the r emainin g spinal nerves does not 
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interfere with the reflex response obtained by stimulating • its central end 
This shows that all the efferent fibres leave the cord by the ventral root The 
separate connections of the afferent and efferent neurones to the C N S 
were finally estabhshed by Johaiines Muller (1834)3 who severed all the doisai 
roots on one side of the body of a frog and all the ventral or motor roots on 
the other side (Fig 469) Such an animal shows complete indifference to 
stimuh on the side on winch the dorsal roots are cut and complete inability 
to respond by acuve movement on the opposite side, but stirauh apphed to 
the side on which the dorsal roots are mtact will evoke response on the side 
whose motor roots are mtact The presence of separate afierent and efferent 
roots is a pecuharity of the nerves of vertebrates (fishes, amphibia, reptiles, 
birds, and mammals) and experiments like the one just described have been 
earned out on representatives of all the Vertebrate classes 
Microscopic sections or teased-out preparations of a mixed nerve are not 
sufficient to justify the inference that all the fibres of a dorsal root have their 



Fig -170 — Diagrui to IlhjSii^ah Iiillt oi Section in Nlhvl Digimk/iio\ 

Degenerated regions black dorsal root cut on peripherTl side of ginglion, tlic 
alicrent fibres to the left have degenerated dorsal root cut on central side of ganglion 
the ends of the afferent hbrts carrying impulses into the grey matter of the spin il 
cord have degenerated C, ventral root cut, the efferent fibres to tlie right have 
degenerated 


cell bodies m the dorsal root ganglion or that all the fibres in the ventral root 
have their cell bodies in the grey matter of the cord The microscope enables 
us to see that fibres from the cells m the dorsal ganglia pass a certam distance 
towards and away from the C N S and that the fibres of the cells m the 
grey matter pass out mto the ventral root We can only trace them by direct 
observation for a small fraction of their course, and then lose track of them 
Here experiment comes to our aid (Fig 470) If we cut a mixed spmal nerve, 
and keep the animal ahve, nnucroscopic examination shows that all the fibres 
on the side of the nerve remote from the C N S undergo degeneraavc 
changes m the course of a few days If we cut the dorsal root on the central 
side of the ganglion (i e nearest to the cord) all the fibres on the central 
side of the cut degenerate If we cut it on the peripheral side of the 
ganghon all the fibres on the peripheral side of the cut degenerate If 
cut the ventral root, we find that degeneration occurs only on the side 
remote from the central nervous system This means that if cell bodies 
occur m any tract of nerve tissue, the fibres degenerate oh the side of section 
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remote from tHe seat of cell bodies In other words^ a fibre not connected 
with Its cell body undergoes degeneration By applying the method of de- 
generative section combined with direct observation of microscopic prepara- 
tions we are, therefore, able to reconstruct the nerve paths mvolved in a 
reflex (Fig 471) The simplest possible path of a reflex (reflex arc) is by the 
way of a fibre havmg its cell m the dorsal ganghon, into the cord, across the 
thm membrane (or synapse) separatmg the ultimate branches of such a fibre 
in the grey matter from the branched cell body of an efferent neurone, whose 
fibre passes out by the ventral root The latter fibre is bound up with many 
other fibres, carrymg impulses mwards or outwards, m a nerve tnmk 



Such IS a very simple type of nerve path involved m reflex action Generally 
a reflex path involves additional neurones, which are confined withm the 
C N S There are large numbers of neurones whose whole length is confined 
to the C N S , runmng up or down, carrying impulses from afferent neurones 
at one level to efferent neurones at another Two great meeung places within 
the C N S for neurones which run forwards to the head and backwards 
to the posterior extremity of a Vertebrate are the two parts of the brain 
known as the cerebrum and cerebellum (Fig 474) When the brain is 
destroyed these paths are eliminated and partly for this reason, partly for 
others which will be referred to later, the behaviour of the pithed frog is much 
simpler, and therefore more smtable for the study of reflex action than that 
of the normal animal 

The existence of nerve tracts runmng up and down the spmal cord can be 
demonstrated m a very simple way When a dark chameleon, i e a chameleon 
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which has been kept a few minutes m bright hght m a cool room, is stimulated 
by an alternating current from a shocking coil by electrodes apphed either 
to the roof of the mouth or to the anal orifice^ the ammal becomes extremely 
pale after about a mmute If the spmal cord has been cut with a pair of 
dissectmg sassors about the level of the eighth vertebra generalized pallor 
does not result from stimulatmg the mouth The skm becomes pale only in 
the half of the body m front of the cut (Fig 472) After sUmulating the cloaca 
the body becomes pale only on the posterior side of the cut 

The nerve fibres that supply the striped muscles of the limbs, etc , have 
their cell bodies m the grey matter of the cord The nerve supply of the 



Pig 472 — tFiECT 01 Llicirkal Siullahon oi tiil Roof of thl Mouth in 
iHE Cape Chameieon when the Spinal Cord is Severed at C 

smooth muscles, of the muscles of the heart, and of the glands (as well 
as that of the pigment cells of the chameleon or fish) is somewhat different 
Connected with each pair of spinal nerves by fine trunks known as rarni 
commumcantes are certam swellings of nervous tissue contaming nerve cells 
as well as fibres and therefore called ganglia, or usually sympathetic ganghd 
(Fig 471) When the rami or gangha themselves are stimulated by an 
electrical current from a shockmg coil, charactenstic responses of the 
musculature of the gut, walls of the arteries and generative passages, glands, 
etc , occur When the gangha are painted with the drug mcotinc, stimulation 
of the rami does not evoke these responses Since painting the nerves them- 
selves does not prevent their ahihty to transmit impulses, mcotme appears to 
act primarily on nerve cells which occur m the gangha These nerve cells 
belong to neurones which supply the gut, glands, etc. They can be distui- 
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guishcd from dferent neurones which supply striped muscle via the spinal 
nerves and from the nerve fibres which pass out of the cord to the gangba 
via the rami commumcantes, because no fatty sheath {medulla) sur- 
rounds the fibre itself The nerve fibres that onginate m the gangha are 
therefore called non-meduUated fibres. The fact that mcotme prevents the 
conduction of nervous impulses beyond the ganglia by paralysing their nerve 
cells shows that plam muscle, glands, etc , of the body are not direcdy inner- 
vated by the fibres with cells m the grey matter of the cord Impulses leaving 


spinal LOi'd 



Fig 47 i — D iagrammatic Representation of tuf Nerve Paths Involved in the 
Control of the Pigmfntary Effector Systfm oi the Chameleon 

For the purpose of diagrammatization the number of ganglia is reduced, and the 
ascending and descending alTerent paths from cloaca and month respectively are 
represented in each case by a single neurone Section of the cord alone anterior to A 
restricts the pallor following stimulation of the mouth, to the region in front of the 
cut After section of the cord alone at the level indicated by B, stimulation of the roof 
of the mouth produces generalized pallor of the whole animal with the exception of 
the tip of the tail 


the C N S for effector organs other than stnped muscle pass m the ganglia 
to a second relay of neurones Thus the sympathetic gangha are distributive 
centres which permit impulses arrivmg from the cord along a smgle fibre to 
set up relay impulses in large numbers of non-meduUated fibres going to 
different destmations 

In the region of the spinal cord — the part of the C N S of a vertebrate 
enclosed by the spinal column — a pair of nerves with motor and ganghonated 
roots arises between each pair of vertebrae. The mam nerves to the limbs, 
such as the sciatic nerve, are formed by the umon of several of these The 
anterior end of the C N.S is considerably swollen and enclosed withm the 
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skull From this region, the brain (Fig 474), ten pairs of nerves called cranial 
nerves come off * These nerves — especially those of the anterior end of the 
bram — are not built on the same plan as the spinal nerves The same nerve 
does not always contam both afferent neurones and efferent neurones supply- 
mg striped muscle They have various names, but are convenaonally denoted 
more briefly by Roman numerals Starting from the most anterior pair they 
are I the Olfactory nerves from the nasal receptor surface purely afferent 


1 



Fig 471 — Diagrammahc RtrarsiNTATioN of the Cintral Nervous Sysiim 

oi Man 

II the Optic nerves from the retma purely afferent III, IV and VI arc 
efferent nerves supplymg the striped muscles which move the eye in its socket 
All vertebrates have six of ±ese in each eye socket or orbit The remammg 
cramal nerves, V, VII, IX, and X contam afferent neurones — V from the skm 
of the face, and m mammals ±e pulp cavities of ±e teeth, VII from the skin of 
the face, and in mammals the receptive surface of the tongue, IX and X 
from the respiratory and digestive tracts They also carry meduUated fibres 
with cells m the brain itself Some of these go to the muscles of the face and 

* Two additional nerves, numbered XI and XII, are incorporated in the skull 
cavity in man and other mammals 
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throat Others end in connexion with short non-meduUated neurones m the 
musculature of the gut or heart Stimulation of the Xth or Vagus nerve of 
the frog, as m our nearer allies (e g rabbit or dog), always results m slowing 
and enfeeblmg of the heart beat This nerve exerts a restraining mfluence 
on the rhythm of the heart 

The brain is, therefore, the part of the C N S which receives impulses 
from the most important receptor organs— the eye, ear, and olfactory mem- 
branes, transnuttmg them by the descendmg neurones within the C N S 
to the efferent neurones that arise from the cord at different levels A frog 
in which the bram has been destroyed may be kept ahve mdefimtely, and its 
behaviour is very much simpler and therefore more easy to prescribe after 
careful study. It is no longer subject to the very varied stunuh of ever- 
changmg images from the retina, and of smells or noises in its vicinity The 
interplay of ail these helps to make the behaviour of the intact frog a much 
more comphcated affair 

THE NERVOUS IMPULSE AS A PHYSICAL EVENT 

As Stated earher, nerve physiology received an impetus to renewed study 
from Galvam’s experiments on reflexes The juxtaposition of discoveries 
about current electricity and the properties of nerve and muscle at the 
threshold of a new era of research mto electrical phenomena is the dommant 
feature m the social background of behaviour analysis Modern biology began 
with Harvey’s work m the social context of the common pump Modern 
neurology begms with the work of Helmholtz m the social context of 
telegraphic commumcation After the discoveries of Oersted and Ampere, 
progress m the study of electromagnetism provided new mstiuments for 
the study of problems which could not have been assailed successfully ct an 
earlier date 

Before the work of Galileo, of Tomcelh and of Hooke, human breath had 
been amma or spirits Till Wohler synthesized urea, spirits contmued to 
haunt orgamc chemistry Thereafter they confined their attentions to the 
nervous system Durmg the forties of the mneteenth century, Muller, who 
made valuable discovenes about the path of the nervous impulse, desenbed 
it as an “miponderable psychical prmciple ” A single decisive experiment 
earned out by a physicist whose name is associated with discovenes m current 
electricity exorcized the spirits of the reflex arc This was m 1851, when the 
cross-Channel cable was laid, and only five years before the Atlantic Company 
of Cyrus Field was registered 

The task of Helmholtz had been made easier by the progress of moral 
philosophy m the precedmg century A German philosopher called Kant 
had devised new tests for identifymg spirits One was Aat they are not 
bothered about punctuahty and have no respect for clocks The mvention 
of the electromagnet made it easy to devise new methods for signalhng the 
beginnmg and end of a process which occupies a very short interval, and 
therefore to decide whether the nervous impulse is a geniunely Kantian 
spook 

In measurmg the speed of sound we can use hght signals, because the 
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speed of light is enormous compared with the speed of sound The speed of 
the electric current is of the same order as the speed of hght, and electric 
signals are used for findmg the speed of sound m a hquid This was the 
principle of the method which Helmholtz used m the first determination of 
the speed of the nervous impulse To measure the time between stimulation 
of a nerve by an electric shock and the contraction of its attached muscle 
the essential apparatus (Fig 475) is {a) an electromagnet to signal (see also 
Fig 433) when the shock is given, (5) a turung fork (see also Fig 196) to 
record time, and (c) a lever touching a revolvmg drum coated with lamp- 
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Fig 475 — Apparatus for Determining thf Speed of the Nervous 

Impulse 


A pm on the fast drum makes and breaks contact with the key when the tip of the lever 
IS at the same point m each revolution The current in the secondary is strongest at 
the break, and it is this which stimulates the nerve Two records are taken, one with 
the secondary current passmg through a and the other with it passing through b 4 he 
records are then compared as shown m Fig 476 


black to trace out the shortenmg of the muscle There is a measurable delay 
between the shock and contracuon, and the delay is less if the shock is 
apphed nearer to the muscle If we stimulate at two pomts and divide the 
distance between them by the delay, we get the rate at which the nervous 
impulse travels (Fig 476). In the frog at 12"^ C the speed of the nervous 
impulse is about fifty miles an hour. 

In this sense the nervous impulse is a physical event like the production 
of an echo or the flash of an explosion, and it has other physical characteristics, 
among which is the fact that it is not imponderable Just as we can weigh the 
carbon dioxide produced by a time fuse of gunpowder, we can weigh the 
carbon dioxide produced m the passage of the nervous impulse along a nerve 
With apparatus used for the experiment desenbed m Figs. 475-6 we can 
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also show that*its speed is affected by raising or lowenng the temperature, 
like the speed of an ordinary chemical reaction 
Like other physical phenomena it is accompamed by the production of 
heat The discovery of this fact is another illustraaon of how progress of nerve 
physiology depends on progress m electrical science The heat produced is 
nunute and momentary It can only be measured with the use of suitable 
thermopiles and highly sensitive galvanometers, which now make it pos- 
sible (see p 700) to estimate a momentary rise in temperature of one 
ten-milhonth of a degree centigrade 

The chemical changes which occur along a nerve when the nervous im- 
pulse is said to traverse it, are associated with measurable electrical pheno- 
mena Galvam beheved that electrical currents produced when two different 
metals with their ends connected touch the moist surface of a piece of hving 



Fig 476 — The Speed of the Nervous Impulse 

Muscle record showing delay of contraction when the attached nerve is stimulated 
at different points (A and B) aiong its length 


tissue are due to the activity of the living nerve Volta showed that this is 
not so None the less Galvam’s belief that electrical phenomena are character- 
istic of the nervous impulse was well grounded, and it may be that he had 
good reasons for his belief A simple experiment which suggests this can be 
performed by laymg one nerve-muscle preparauon across another If the 
nerve of one of them is stimulated by mecbamcal pressure, as by pmching 
with forceps, the contraction of its own muscle will often be accompamed 
by the contraction of tlie other one In his own time it was not possible to 
follow up the experiments of Galvam, because there were no sensitive devices 
for detectmg currents of short durauon When photographic recording and 
sensitive galvanometers responding to short-lived currents were mtro- 
duced, the study of clectnc^ phenomena m tissues was renewed, notably 
by du Bois Reymond and Burdon Sanderson This was about the tunc when 
Helmholtz first measured the speed of the impulse 
If two electrodes (i e metal points) in aremt with a sensitive galvanometer 
are placed close together at any point along a nerve the galvanometer registers 
an instantaneous deflection when the end of the nerve is pinched. If two 
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pairs of electrodes are placed at a measured distance along the nerve the 
deflections can be photographed on a revolvmg film If the vibrations of a 
tunmg fork, to act as a time marker, are also recorded on the fUm, it is pos- 
sible to measure the mterval between the first deflecaon of the galvanometer 
connected to the electrodes farthest away from the muscle and the second, 
which occurs m the galvanometer connected to the electrodes farthest from the 
point of stimulation The measured distance separating the electrodes divided 
by the time mterval gives the speed of the local electrical change. This agrees 
with the speed of the nervous impulse 
Like the nervous impulse, the phenomenon of receptivity, 1 e what occurs 
in the “sense organ” or receptor area when a stimulus acts on it, is itself an 
electneal phenomenon The physical change which occurs in the receptive 
area, when the appropriate stimulus is apphed to it has been mvestigated 
most extensively in connection wi± sight When a beam of hght falls on the 
retma, it gives rise to a difference m electrical potential between the lUu- 
mmated region and the surrounding tissue which is not stimulated This 
potential difference persists while the stimulus is apphed and disappears 
when the source of light is cut off It is not constant durmg the period of 
stimulation, but shows a very characteristic variation In the frog’s eye it 
has three well-defined phases each with its own duration, magmtude, and 
latency, correspondmg to successive and separate photochemical reactions 
occumng m the retma, when it is stimulated by light The photoelectric 
reaction of the eye was first discovered by Holmgren m 1866 Such potential 
differences can only be detected, recorded, and measured accurately with 
galvanometers of high frequency and great sensitivity So progress along 
this hne of enquiry has marched m step with electrical discoveries Recently 
the technique of these measurements has been greatly improved by Adrian, 
Forbes, and others who have adopted the use of amplifiers such as are 
employed m wireless transmission. With such apparatus it is now possible 
to detect electrical changes in the human brain, when it is involved m carry- 
ing out mtellectual tasks 


THE STUDY OF “SENSATIONS” 

Of four methods which have been used to identify the locahzation of 
recepnvity m the lower animals the one which is easiest to apply depends 
upon the possibihty of isolatmg some type of response mvanably assO' 
ciated with the application of a specific external agent The study of colour 
change m frogs and toads has already provided an lUustraaon of its use. The 
task of isolatmg a response which can be rehed on to manifest itself imder 
specifiable conditions involves extensive preliminary enqmry Two types of 
response are easily handled in experiments of this sort. One is the normal 
balancmg movements by which the body maintains the charactenstic 
orientation to its surroundings imphed in stating that it is the “nght way up ” 
The other is the highly charaaerisuc posture which many animals adopt 
when subjected to angular acceleration m the horizontal plane 
Normal balancmg movements usually mvolve onentation with reference 
to three distmct external agencies — the direction of incident lUuminaaon, 
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the mechanicaf pressure exerted by the weight of the body on the surface 
With which It IS m contact, and finally — m some respects most important of 
all — the direct mfluence of the earth’s gravitauonal field Recepuvity to 
gravitauonal attracuon (georecepuvity) completely eluded mtrospecuve 
speculauon concerning the sense organs, until the experiments of Flourens 
on the mternal ear of birds m 1828 These provided a clue to the sigmficance 
of dizziness m the human subjea 

The identification of the receptive fields is sometimes facihtated by the 
circumstance that one or other of these agencies exerts a predominant mflu- 
ence on bodily equilibration When this happens the animal is said to display 
phototaxis, stereotaxis, or geotaxis accordmg as the mfluence of hght, contact, 
or gravity predominates Thus barnacle larvae collect at the bottom m dark- 
ness and at the surface of a container m hght Their posmve geotaxis m 



Pic, 477 — Diagram to Illustrate Movement of Insect (Hcvlr Fly, 
Towards the Light 


darkness is completely overruled by their positive phototaxis m hght When 
the influence of either hght, or gravity, or contact predormnates over the 
other two, the recepnve fields can be defined by a process of exclusion 
Pronounced phototactic reactions are well seen m some msects The 
flight of the moth to the candle is proverbial Insects aie one of the few 
groups of familiar animals m which no georeceptors have been located 
In flight their tactile recepuvity does not come into play Their orientauon 
to their surroundmgs then appears to be largely deterimned by hght In 
general the phototacuc movements of msects depend on two facts (a) hght 
acung on the same region of the same eye reflexly mcreases the tension of 
muscles on one side of the body and reflexly relaxes the same ones on the 
other, (6) hght actmg on one part of the eye produces contraction of a par- 
ticular group of muscles and hght actmg on another part of the same eye 
produces reflex relaxation of the same group of muscles Thus if one eye of 
the hover fly, Enstahsy is blackened, a beam of hght focused on the anterior 
margin (A, Fig 477) of the other eye makes the ammal bend the legs of the 
same side forwards and the legs of the other side backwards, so that the 
body tilts away from the side illuminated If a beam is directed on the 
postenor edge (P, Fig 477), the legs of the opposite side are bent forwards 
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and the legs of the same side backwards so that the body ults towards the side 
illuimnated A comparatively feeble beam actmg on the posterior margm 
will compensate the effect of an intense lUummauon of the region m front. 
When a fly is moving along a beam of light the posterior edge of neither eye 
gets much light and one gets as little as the other When it is deflected to the 
right, the posterior margin of the left eye gets more light (Fig 477) and this 
brmgs about the tilting of the body to the left Its direcuon of movement 
is at once restored, so that the eyes are illuminated symmetrically This is 
only realized when the axis of the body is m hne with the source of hght. 

The majority of animals are not predommandy influenced by any smgle 



Fig 478 —Section through Right Human Ear Seen from the Front 
Very Diagrammatic 

Each semi-circular canal is really completely surrounded by bone Just as any move- 
ment m space can be represented on tliree rectangular cO'ordinateSi so any movement 
of the head is represented as component movements of the endoJymph of the three 
canals These movements of the endolymph stimulate sensory structures in the canals 
and so produce impulses m the auditory nerve, leadmg to reflex muscular movements 
tendmg to brmg the head back to its normal position Sound vibrations are transmitted 
to the cochlea via the eardrum, the auditory ossicles (which magmfy the vibrauon 
of the ear drum) and the fluid surrounding the labyrinth 

type of external stimulus To identify one form of recepuvity and its 
appropnate field it is necessary to exclude the mfluence of the others 
This IS done by removing the stimulus itself when the stimulus is hght, 
or by removmg the receptor organs when the stimulus is gravity. The 
majonty of animals retam their charactensuc bodily onentauon m complete 
darkness or after removal of their photoreceptive organs Stereotactic reac- 
tions are seen in their most pronounced form in animals which hve m 
crevices and under rocks and stones Geotactic reactions usually play an 
exceedingly important role in the bodily orientation of aquatic animals 
A blmded dogfish swimmmg in very shallow water will right itself evbn when 
deprived of its georeceptors The tactile areas assoaated with the acovanon 
of the appropriate groups of muscles brought mto play in the movement of 
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equilibration, which the dogfish executes each tune it touches the bottom 
with Its fins or belly, have been mapped out by Maxwell. 

It IS fairly obvious that neither photorcceptivity nor tactile receptivity 
explams how a blmd cat falls on all fours, how a blinded dogfish swims with 
perfect propriety m deep water, or how a blmd bird maintams its natural 
posture in flight. Movements of this sort mvolve a special type of receptor 
organ In vertebrate animals it is part of the ear If the portion of the internal 
ear (lab 3 nrmthme organ) (Fig 478) known as the utnculus with its three 
sem-arcuiar canals at nght angles to one another is removed on both sides, a 
fish or frog is quite unable to swim in deep water The vertebrate labyrinthine 
organ is an elaborate modification of a type of receptor organ which many 
aquatic animals possess Those of the shrimp are located in its feelers 
Shrimps are able to mamtain their normal orientation when swimming 
in complete darkness or in dayhght after removal of the eyes, and they can 
swim normally, if illuminated from above m the usual way, after tlieir feelers 
have been removed They will not oncntate themselves m darkness after 
removal of the feelers, and if illuminated from below, tlicy swim on their 
backs If deprived both of their eyes and of them feelers, they are incapable of 
executing rightmg movements m the light If one eye and both feelers or one 
feeler and both eyes are removed they swim on one side If one feeler and 
one eye are simultaneously removed they execute spirals If deprived of both 
eyes and both feelers a shnmp will still adopt the correct attitude, when 
resung on the bottom These facts are exphcable on the assumpuon that the 
bodily equihbrauon of a shnmp is sufficiently determmed by any one of three 
agencies by light acung on the eyes, by the influence of the earth's gravita- 
Uonal field on some part of the feelers, or by the effect of pressure on the 
tactile receptors at the extremiues of the hmbs, when in contact with a sohd 
surface Ordinarily at least two of these three organs of recepuvity reuTorce 
one another Expenmentally their effects are separable 
At the base of each of the feelers m the shrimp there is a sac known as the 
statocyst Sensory nerves connect it with the brain, and these nerves end in 
the membrane limng the sac The membrane itself is covered with sensory 
hairs on which rests a small mass of chalk and san^- (the statolith) which is free 
to move in the fluid interior of the sac, when the body is tilted The displace- 
ment of the statocyst constitutes tlie reflex stimulus to those movements of 
equihbrauon which are deterimned by the influence of gravity It is possible 
to replace the statoliths of a shrimp by iron filings The experiment was first 
performed by Kreidl, who invesUgated the eftect of supenmposmg a very 
strong magnetic field on the earth’s gravitational attracuon By a simple 
operation the animal is now endowed with magneuc receptivity It orientates 
Itself with reference to the hnes of magnetic force 
The utnculus of the human ear or that of any other vertebrate also 
contains sohd calcareous particles The effect of a jerky movement is that 
the statohth hits the wall opposite to that agamst which it will subsequently 
he, as our bodies do when a train starts suddenly If the mtemal ear of a dog- 
fish IS exposed it will execute the reflex responses characterisuc of a ulting 
movement of the body when the statocyst is gently pushed m the opposite 
direction By setting the fluid of the mternal ear in motion in turning round 
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repeatedly, we can abolish our own georeceptivity, becoming “dizzy” and 
losing limb control If human beings had been endowed with magnetic 
receptivity the great westerly navigations nught not have been postponed till 
the advent of the marmer’s compass and mechamcal clocks 

An animal can be subjected to angular acceleration at nght angles to gravity 
by puttmg It on a revolvmg turn-table Its labyrmthme organs mitiate reflex 
movements which give it a defiiute onentation to rotational displacement In 
general vertebrates respond to rotation on a turn-table by a contrary move- 
ment of the head during rotation When rotation stops, the head is deflected 
in the direction opposite to that which is sustamed during rotation Analogous 
movements of the eyeball occur Durmg the rotation the eyes turn m the anti- 
clockwise direction, if rotation is clockwise, and then m a clockwise direcuon 
when the rotaaon is brought to an end Postural changes m the limb and 
trunk muscles also occur The forced posture of a frog or a lizard mitiated 
at the beginmng of rotauon is sustamed without dimmution until the move- 
ment stops An opposite after-effect then supervenes for some seconds. 

The posture wluch some animals adopt durmg rotation and the after-effect 
are completely abohshed when the labyrmths of both sides are destroyed 
If the eyes of other species are removed, or if the animal is rotated withm a 
uniform grey cyhnder so that the retmal field of sumulation remams un- 
changed during rotauon, the angle of deflecuon of the head is smaller durmg 
rotauon, and the after-effect is exaggerated. There is a retmal component 
tendmg to heighten the effect of the labyrmthme reacuon durmg rota- 
uon and to dimmish the after-effect on account of its much smaller merua 
In some hzards the retmal component has been shown to play a more 
promment role In ordmary rotauon the deflecuon of the hzard’s head is 
pronounced but the after-effect obtamed with normal animals is small 
In the bhnded animal the deflecuon durmg rotation is almost abolished, but 
a very pronounced after-effea ensues This is not true of the clawed toad 
which IS an aquatic animal hvmg m muddy water Its normal equilibrating 
movements depend far more on the influence of gravity than those of a hzard, 
which crawls on its beUy and depends more on its tactile receptivity and the 
use of Its eyes 

In turn-table experiments with mammals and birds, we encounter another 
feature which mtroduces a new form of receptivity Like the labyrmthme 
function It is one which hes outside the range of the five senses of mtro- 
spective philosophy At the begmnmg of rotation a pigeon executes the 
same type of head and eye movement as a frog or a lizard, but no stable 
equilibrium is attamed When the neck has been turned through a certam 
angle, it jerks back to its ongmal position This process is rhythmically 
repeated (nystagmus) durmg the rotation 

The mtrospectiomst confronted with this phenomenon will find himself 
on more famihar ground Here is a tempting opportumty for mvokmg the 
exercise of a controUmg “will” on the part of the animal which is “con- 
sciously” stnvmg to regam its normal posture. There is no objection to 
using the term “will,” if we are quite clear what it means. When we have 
discovered what is meant by wiUmg, m this context, we also discover that 
other words can also describe what is taking place. Experimental analysis 
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shows us that the animal responds to the stretching of its own muscles by reflex 
contraction of other ones When a certam tension is reached, the neck and 
eye muscles contract reflexly, thus re-establishing the pre-existmg posture 
In this condition the animal is again free to respond to disturbances of 
labyrmthme or retmal origin The head and eyes are agam deflected So 
the process proceeds rhythmically 

Arumals are endowed with receptor organs which register the state of 
extension of the muscles and their tendons Reflex activity is imtiated both by 
changes m the external world and changes which have their seat in the body 
Itself Some fishes possess an elaborate arrangement which records the state 
of distension of the gas bladder One would say in the older terminology they 
have a “sense of depth ” Proprioceptive reflexes, i e reflexes which arise in 
the mtemal receptive fields, were first known to exist m connection with the 
reguiauon of the heart beat The existence of microscopic structures in 
muscles and tendons/ suggestive of sense organs on account of their con- 
nexion with nerves entermg the spmal cord by sensory roots, was known for 
some years before Shemngton gave the first experimental demonstration of 
the existence of proprioceptors m the skeletal muscles We know (p 1023) 
that the spmal nerves of vertebrates are connected with the central nervous 
system by two roots, one composed exclusively of motor fibres conveying 
impulses to the muscles, the other known only to contam sensory fibres con- 
veying impulses to the cord from the receptor organs Sherrmgton found that, 
when muscles are stretched, an opposmg tension is superadded to their 
elasDc resistance This tension, which is of considerable magmtude, is com- 
pletely abohshed after cuttmg the sensory roots of the nerve which supplies it 

A second method used for explormg the receptive field depends on the 
physical nature of receptivity, and may be illustrated by comparaave studies 
on vision The octopus and its alhes have large and powerful eyes Observa- 
tions upon the normal behaviour of the octopus in hght do not provide 
us with defimte evidence for their visual function While it is perrmssible 
to entertain the likelihood that the eye of the octopus is a receptor for light, 
because the structure of the eye of the octopus is very much like that of a 
vertebrate, anatomical considerations cannot assist us to define the function 
of the eye with any preasion They do not help us to specify the range or 
discnmmation of vision They provide us with no reason to suppose that 
the eye of an octopus is sensitive withm the same hmits of wave length as 
our own eye They do not tell us whether the eye of the octopus, like our 
own eye, distmguishes between different wave lengths, and if so, what 
differences Without recourse to a study of the behaviour of the orgamsm 
as a whole we can obtain direct evidence concermng the photoreceptive 
character of the eye of an octopus by the expedient of recording the photo- 
electnc current m the retma The eyes of some vertebrates give rise to 
electrical vanations which have characteristic features for different regions 
of the spectrum Their eyes can disungmsh colour 

Qosely analogous to tins fine of attack is a third method which has been 

* The knee jerk is a proprioceptive reflex, the sense organs concerned lying in the 
thick tendon which can be felt between the knee cap and the shin bone A tap below 
the knee stretches this tendon and so stimulates the proprioceptors 
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employed m the recogmtion of cherxucal receptivity and has been used to 
reinforce earher methods for the study of the proprioceptors Although it is 
difficult to isolate invariable and highly characteristic olfactory or gustatory 
responses in animals, it is possible to apply a succession of chemical sDmuIi 
to different regions of the body and record the discharge of sensoiy impulses 
in the afferent nerves arising therefrom, by means of a sensmve galvanometer 
The pike, which has a very long and accessible olfactory nerve, has provided 
suitable material for mvestigatmg what chemical stimuh act upon the nasal 
organ of a fish Some of the earhest studies on the recording of the nervous 
impulse in sensory fibres were carried out on the olfactory nerve of this 
animal This method will probably be used with mcreasmg confidence as 
the techmque of recordmg afferent impulses is perfected Up to the present 
Its most important achievement has been to confirm the existence of the 
proprioceptors Emthoven has shown that every heart beat and every 
respiratory movement discharges a volley of afferent impulses along the 
vagus nerve to the bram Jolly, Adrian, Forbes, and others have shown 
that sensory impulses pass up the spinal nerves when a skeletal muscle is 
stretched 

Galvanometer records of nerves of which the fibres appear to be of the 
afferent or sensory type (1 e nerve fibres whose cell bodies are not located m 
the central nervous system) can be used successfully to mvestigate receptivity 
which does not correspond to any type of human sensation Thus recent 
experiments have shown us how seeing fishes may be able to respond to very 
feeble currents in the medium in which they swim On either side of the 
body many fishes have a prominent line which marks the position of a system 
of canals and pits lying in the skin and communicating with the exterior 
This lateral line system is richly supplied with nerves which would be classi- 
fied on structural grounds as sensory It is possible to pick up volleys of 
electrical disturbances from them, m response to shght variations m the rate 
at which water can be made to flow in the lateral line canals 

A picturesque apphcation of electrical methods to the analysis of sensation 
has been made m connexion with the study of acoustical sensation by Wever 
and Bray, whose work has been confirmed and extended by Professor Adrian 
and his colleagues If electrodes are placed upon the auditory nerve, the electric 
currents which arise when the ear is stimulated by sounds can be amplified 
so as to reproduce speech as well as notes of high and low pitch The hvmg 
cells of the ear of a cat or a gmnea-pig record the sound as electrical changes 
of which the frequency is faithfully reproduced by the physical mstrument 
Speech is recorded as mtelligible speech This phenomenon can be completely 
abohshed by anaesthetizmg the recepave cells of the cochlea (Fig. 478) It 
can be inhibited by depnvmg them of oxygen when the circulation of the 
mtemal ear is blocked There is therefore conclusive proof that it is not a 
physical anifaa. 

Little IS known about existence of special sound receptors outside the 
vertebrate series What we know of the phenomenon in vertebrates them- 
selves IS also based on a fourth method of mvestigation Like the preceding 
methods, that of conditioned discrimination is capable of definmg with 
great accuracy the range and threshold of the effective stimulus as well as 
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the limits of the receptive field With a few exceptions such as the “pinna 
reflex” (i e. pricking of the ears) m the dog, ammals shew few simple and 
highly characteristic types of response to sounds unconditioned by traimng 
Consequently observations upon normal behaviour are of htde use m the 
search for receptors for sound Acoustical receptivity is chiefly found m 
ammals with a well-developed aptitude for the formation of “conditioned” 
responses In human beings, among whom acoustical receptivity pla3rs such 
an important part m the process of communication, it is assoaated with the 
most complex charactenstics of behaviour which are known to exist 

The method of conditioned discnmmation makes use of the possibility 
of buildmg up new reflexes of the type which Pavlov, their discoverer, calls 
conditioned reflexes If any agent to which such an ammal as the dog is 
recepuve is apphed repeatedly m conjunction with the appropriate stimulus 
to some simple mvanable response, it eventually acquires the property of 
evokmg the response unaccompamed by the original or uncondiuoned 
stimulus In his studies on conditioned reflexes Pavlov has chiefly employed 
the copious secretion of sahva, when food is presented to a dog, as the basic 
or unconditioned reflex The sound of a bell, a metronome, or a tunmg fork 
may be used as the conditioned agent to build up a regular and controllable 
response to sound 

Pavlov has used this method to test the hmits of discnmmation of dogs 
to pure sounds of diflerent wave lengths It has also been used to demon- 
strate acoustical receptivity m fishes Workmg m Pavlov’s laboratory, Andreev 
employed it to test the theory that different vibrating elements m the cochlea 
of the mtemal ear act as resonators which pick up individual wave lengths 
An experiment of this kind may be quoted m the words of Pavlov himself 

Pure tones were employed, bemg produced by two sets of apparatus, one 
givmg tones from 100 to 3,000 and the other from 3,000 to 26,000 double 
vibrations per second Various conditioned alimentary reflexes were estab- 
hshed The cochlea was first completely destroyed on one side When 
tested for the first time six days after operation, all the auditory conditioned 
reflexes were found to be present A second operation was now performed on 
the cochlea on the other side with the object of excludmg only the lower part 
of the tome scale The osseous part of the cochlea was opened at the junction 
of Its middle and upper thirds and the exposed part of the membranous cochlea 
with the organ of Com was injured with a fine needle Already on the tenth 
day of the operation all the auditory stimuh exceptmg tones of COO double 
vibrations per second and lower were found to be fully effective In the coarse 
of three months followmg the operauon, however, the effect of tones from 
600 to 300 double vibrations per second became gradually restored From 
numerous tests carried out from this period up to two years after the operation, 
the upper limits of the tones that had disappeared was fixed as somewhere 
between 309 and 317 double vibrations per second 

This method can be used, as m this experiment, to locate the seat of 
receptivity with great dehcacy. It can be used with great precision to define 
discnmmation, e g of pitch and colour in the receptor organ itself It can also 
be extended to the study of the way m which stimuh are generalized, selected, 
and synthesized mto effective groupmgs as signals of response through the 
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activity of the several parts of the forebram on which the afferent impulses 
from the receptor organs impmge Whether he is dealmg with the mitial 
activity of the sense organ, the process initiated by the sensory impulse in 
the brain, or the tuitional aspect of sensation, the experimental biologist 
commumcates discovery without relymg on tradiuonal forms of speech If 
he is studying the ear, experiment enables him to define the position which 
an ammal will assume, when rotated on a turn-table, to control its posture 
m swimmmg by operating upon the labyrmthine organ, to specify the recep- 
tive areas in the utnculus and the semi-circular canals mvolved m the imtiation 
of balancmg movements, to detect the range of sounds to which the orgamsm 
reacts, and the parts of the cochlea which are receptive to different tones To 
discuss whether an ammal “feels dizzy” or “enjoys” music adds nothing 
to clarity of exposition or the confidence with which it is possible to control 
the decisions an animal will make 

LEARNING 

Pioneer studies on behaviour were mainly concerned with relatively stable 
responses to immediate changes m the environment Such responses of 
which colour change, balancing movements, or “defence” reactions (e g 
withdrawal of the frog’s toes from warm water) are examples, largely deter- 
mme the pattern of so-called “instinctive” behaviour among such ammals 
as msects or worms Among the vertebrates, especially the mammals, the 
behaviour pattern of an individual is less stable, less easy to dissect, and 
hence more difficult to control This complexity of behaviour is associated 
especially with the growth of the forebram If the roof of the forebram 
(cerebral cortex) of a dog is removed under deep anaesthesia with aseptic 
precautions, the animal will survive mdefimtely, and is able to feed or balance 
Itself, excrete normally, and avoid obstacles in its path While fully able to 
carry out these so-called instinctive responses it is unable to form new modes 
of reaction to its surroundmgs It has no power to leant 

The word leammg is given to at least two distinct processes One is 
responding to a new stimulus by an action which formerly required a different 
signal For mstance, a dog, which will jump on to a table when a lump of 
sugar is offered to it, may “learn” to do so at the sound of his owner’s voice 
The other is the evolution of new and more complex modes of action, as when 
a parrot “learns” to repeat words So far nothmg has been found out about 
the latter On the other hand, the experimental researches of Pavlov’s school 
in Russia have led to new discovenes about how to control leammg of the 
first kmd In discovermg reapes for domg so we need not depart from the 
language we use m discussmg reflex actions. 

Pavlov’s investigations began with the study of sahvary secretion m dogs 
A dog which has been deprived of the forebram secretes sahva when food 
IS introduced mto the mouth The intact adult can also secrete sahva when 
food IS brought withm the range of its eyes or nostrils In the adult the sight 
or smell of food is therefore an appropriate stimulus for reflex sahvary 
secretion The rmgmg of a bell is ordinarily without effect on the secretion 
of saliva If the rmgmg of a bell is repeated a certam number of times, when 
food is also presented, it eventually comes to evoke sahvary secretion when 
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food does not Accompany it A previously indifferent stimulus appbed to the 
intact animal at suitable mtervals simultaneously with the applicanon of a 
stimulus which evokes a reflex response unconditionally acquires the property 
of evokmg the same reflex response when unaccompamed by the ongmal 
cr “unconditioned” stimulus A new reflex has been built up This can only 
happen if the forebrain is present. Dogs without a forebram do not form 
new reflexes 

Reflexes of this kmd are called conditioned reflexes, and the previously 
indifferent stimulus is called the conditioned stimulus Any event in the 
external world which affects a receptor organ may become a conditioned 
stimulus to the mtact ammal, provided external conditions are rigidly 
standardized m other respects To become one it must accompany the 
unconditioned stimulus a sufficient number of tunes, dependmg on whether 
the application is precisely simultaneous, whether the conditioned stimulus 
begins to operate before the unconditioned, overlappmg it m duration or 
separated from it by a short mterval The task of defining the facility with 
wluch a conditioned reflex is built up involves a study of the sigmficance 
of the interval between successive apphcations of both stunuh and of the 
juxtaposition of conditioned and unconditioned stimulus In defining the 
condmons which bnng into bemg a new reflex system by this method, we 
are mvestigatmg a class of phenomena which would formerly have been 
attributed to an autonomous “memory ” By usmg experimental methods 
we can amve at defimte conclusions about when and whether an event 
will occur without recourse to the usual descriptive epithet 

What It has been the custom to call memory is only one aspect of the 
problem of “conscious** or “voluntary” behaviour, that is to say aspects of 
behaviour which are spatially referable to reflex paths m the forebram 
Though an animal is constantly subject to the simultaneous apphcatiun of 
many mdifferent and unconditioned stunuh, its behaviour is selective This 
IS one aspea of what we call attention To discover the conditions which 
prevent new reflex systems from coming mto bemg, or extmguish them when 
they have become estabhshed, was perhaps the most important aspect of 
Pavlov*s work, because an understanding of this part of the problem underhes 
the successful control of experimental procedure The possibihty of isolating 
a conditioned reflex for study imphes the existence of some inhibitory agencies 
which prevent the normal surroundmgs of the laboratory from exerting a 
sigmficant influence on the course of the experiment The inhibition of 
conditioned reflexes is a complex question, and its complexity shows that 
they offer a broad basis for the mterpretation of “conscious** behaviour m 
general and the mterpretation of attention m particular 

Two important types of inhibition are respectively called inhibition by 
extinction and conditional inhibition The first term refers to the fact that an 
mdiflFerent stimulus which has been converted mto a conditioned stimulus, 
and IS then allowed to act repeatedly without the unconditioned stimulus, 
gradually loses its potency, regainmg it after an mterval of rest Conditional 
inhibition is the extinction which occurs when a new mdifferent stimulus is 
superimposed upon the effective phase of a conditioned stimulus A third 
and especially important form of inhibition is the extinction of a state of 
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inhibition by conditional inhibition, or as Pavlov calls it, inhibition of inhibi- 
uon Let us suppose that an organ note of one thousand vibrations per second 
has been made the signal for salivary secretion by repeated application of 
the stimulus, when food is adnumstered to the animal If the new stimulus 
IS now administered repeatedly without the accompaniment of food, it suffers 
inhibition by extmction, recovering its efficacy after a period of rest. If, dunng 
the mdifferent period, the experimenter superimposes on the now mcffective 
sound sumulus another indifferent agent such as the flash of a lamp before 
the dog’s eyes, secretion of sahva ensues The sound regams its power to 
act as a conditioned stimulus, and the pre-existmg inhibition is itself in- 
hibited An important t>TDe of inhibition m everyday life is ‘‘generalized 
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inhibition” or elimmation of the activity of the forebram as m sleep or 
hypnouc trance It can be brought about by experimental treatment m 
dogs Local warming or cooling of an area of the skm induces the torpor 
characteristic of the decerebrate dog which responds to no conditional 
stimuli 


CHEMICAL CO-ORDINATIOM 

In addition to the action of the nervous system there is a fiecond type of co- 
ordination m ammals. The blood of vertebrate animals plays a part m the 
telegraphy of the body So far we have not referred to this at all, Wc all know 
that some chemical substances, called when obtamed from the tissues of 
plants, have very characteristic effeas on parucular organs of the body. For 
mstance, the drug known as caffeine, present m small quantities m coffee, 
promotes secretion of urme, and aspirm promotes sweatmg. Some organs 
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of the animal' body produce drug-like substances called hormones When 
earned by the blood stream to other parts, hormones are capable of colling 
forth very specific responses In this way the circulatory system plays a 
part in co-ordmatmg response and stimulus This has not been known till 
recent tunes The first hscoveiy of chemical co-ordination was made by 
Bayhss and Starlmg m 1902 m researches on the pancreas 

The pancreas does not secrete its digestive juice continuously Pancreatic 
secretion is a response to the entry of the acid food from the stomach into 
the mtestine The secretion of pancreatic juice follows the mtroduction of 
food or acid into the mtestine, even when all the nerve connexions between 
it and the mtestine are severed Bayhss and Starlmg found that if the hning 
of the mtestine is ground up with a httle weak acid the concoction produces 
immediate flow of pancreatic jince when it is mjected into the circulation 
They, therefore, concluded that acid hberates a substance, which they called 
secrettHy from the mtestmal mucous membrane mto the blood stream Thence 
it IS conveyed to the pancreas and there evokes ±e characteristic response 
This substance has now been prepared m chemically pure form The first 
experiments of Bayhss and Starlmg were performed with dogs They after- 
wards showed that secretin is present m ±e mtestmal wall of other vertebrates 

The control of colour response m frogs and toads illustrates the combmed 
action of nerves and hormones We know that frogs change colour accordmg 
to temperature, illumination, humidity, etc , and that they change uniformly 
over the whole body Smee the “background” response is abolished by cutting 
the optic nerves, we also know that nerves convey the impulses set up by 
appropnate stimuh m their surroundings to the central nervous system It 
was at one time thought that the nervous system transmitted these impulses 
directly to the black pigment cells m the skm This is not so Indeed, it is 
doubtM whether the pigmentary organs of the frog have any nerve supply 

Beneath the bram withm the skull of vertebrates hes a httle gland which 
has no dua conveying its secretion to the exterior It is called the pituitary 
gland Extracts made by grmding up this organ m salt solution have some 
very remarkable properties. When mjected into a pale frog, they bring 
about a complete darkenmg of the skm resulting from expansion of the black 
pigment cells There is enough of the active constituent m one gland to 
evoke darkenmg m a hundred mdividuals When the pitmtary gland is re- 
moved, the frog recovers and survives mdefimtely Though it appears to be 
healthy and otherwise normal, it will always remam completely pale in what- 
ever curcumstances it is kept Darkenmg of the skm of a frog from which 
the pitmtary gland has been extirpated will still occur, if a small quantity 
of the extract of the pitmtary gland (about eqmvalent to one-milhonth of a 
gram of the gland substance) is mtroduced mto the circulation by mjection 
Thus the nervous system controls the behaviour of the pigment cells 
indirectly by mcreasmg or dimmishmg the rate at which the pitmtary body 
pours its secretion mto the blood 

Near the anterior end of the human kidney is an orange-coloured mass of 
tissue, the adrenal body. This “ductless gland” contains a drug-like sub- 
stance that acts on plam muscle, m some cases relaxmg and m others mducmg 
contraction or mcreased rapidity of an mherent rhythm (e g. it accelerate- 
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the heart of the frog) It is called adrenaline Adrenaline can* now be manu- 
factured m pure form m the laboratory It is hberated mto the circulation in 
small quantities^ but we are not yet certam under what conditions Like the 
thyroid gland (p 853), the adrend and pituitary bodies are sometimes spoken 
of as ductless glands 

THE PUBLIC WORLD OF THE SCIENTIFIC OUTLOOK 

Durmg the two centuries which preceded the pubhcation of Darwm’s 
Descent of Man, the prevailmg ideahsm which provided a rationale for the 
rights of the mdividual conscience m Protestant countries had accepted 
Platomc metaphysics, as Cathohcism had accepted Platomc physics Self- 
knowledge was assumed to be rehable, mdeed more rehable than knowledge 
based on observauon The Platomsts subscribed to the dictum of the Delphic 
oracle They beheved that every man carries within himself the secret of his 
own nature The most important result of experimental research of the kind 
with which we are now deahng has been the discovery that ‘‘Know Thyself” 
carries with it the prior mjuncuon “Know others first ” 

Like the self-evident prmciple that the sun rotates over the horizon, the 
behef ±at self-knowledge is more trustworthy than the coUecuve testimony 
of different observers is hard to eradicate “Surely,” says the mtrospectiomst, 
“you yourself know best when you have a pain in your stomach ” Do we 
really^ Hospital practice no longer takes such statements at their face value 
Data collected at operations and post mortems have taught us that any 
statement which a patient makes about himself needs to be confirmed by 
observations made by somebody else For mstance, the presence of a stone 
in the bladder is described by the patient as a pam in the right shoulder What 
is called a pain in the grom may be due to an mflammatory condition of the 
kidneys There is no short cut to knowledge of human nature Pamstakmg 
observation of the behaviour of inanimate objects is the necessary basis of 
knowledge which can show us how to control the material resources of 
external nature, and painstaking observauon of the behaviour of human bemgs 
and other animals is the only basis for knowledge which can show us how to 
control ourselves 

The Cartesian compromise divided the field of human enquiry mto two 
domams One, the external world of science, mcluded dynamos and diges- 
tion, mercaptan compounds and the Milky Way, potato virus and the petro- 
leum engme To the other, the mtemal world of mtrospecuve philosophy, 
belonged devouon and duty, melanchoha and mathemaucal mtuiuon, 
patnotism and piety We are now beg innin g to realize that the expanding 
umverse of useful knowledge defies any boundary which can be fixed for 
all tunc. Naturally, the disappearance of the old landmarks leads to much 
hesitation and mconsistency In discussmg the problems of human behaviour 
we have just begun to hsp a few syllables of a new language, and much of 
what has been written m this chapter will seem childish to our grand- 
children Meanwhile we may concede to one another the private prerogative 
of contemplative mtrospection, so long as it does not interfere with the social 
programme of discovenng how ±e human brain can be regulated or how 
social mstitutions carry on, 
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Biology and sociology are beginning to undertake this programme The 
following sentence taken from the Gifford Lectures of Sir Arthur Eddington 
illustrates the contrast between the new outlook and the old 

A mental decision to turn right or left starts one of two alternative sets of 
impulses along nerves to the feet At some brain centre the cause of behaviour 
of certam atoms or elements of this physical world is directly determmed for 
them by the mental decision 

It seems that the external world of Professor Eddington is the matenal world 
— the shadow world of physics as he calls it elsewhere His mternal world is 
the mental world — the “real” world of religious experience and artistic 
insight Professor Eddmgton’s external world, therefore, ends where an 
important part of the external world of a psychologist or a biologist begms He 
takes no account of the fact that mental deasions are matters about which 
human bemgs can make, and are making, discovenes Withm its domam a 
mental decision is a final cause It flashes like a meteor into the shadow world 
of common experience trailing clouds of glory from the Ewigkeit Then like 
a bubble it vamshes, retummg to the abode where the eternals are The 
onlooker is no longer the physicist He lays aside his recordmg mstniments 
and abandons himself to the rapture of the poet 

The new outlook is that science is not exclusively occupied with the 
behaviour of nebulae, nasturtiums, mternal combustion engmes, and the 
indigo dyes It is also engaged m discovering how to control the behaviour 
of the lower animals, and may eventually extend its scope to mclude 
that of archbishops and dictators One of the problems w^ch biologists 
have already mvestigated is how the behaviour of a dog is influenced 
by the way m which it has been treated In the language of everyday life we 
describe what happens at this level of behaviour by saymg that dogs can 
remember or that they make mental decisions Patient experiments such as 
those which have been made by Pavlov’s school have made it possible to 
specify rules about how dogs “remember ” Those who carry them out can 
diaate “mental decisions” which a dog will make If the behaviour of human 
bemgs and of the lower animals is really determmed by “mental decisions,” 
mental decisions, as Professor Eddmgton defines them, are part of the 
external world which ±e biologist and the psychologist mvestigate If mental 
decisions can mterfere with the functions of the central nervous system, as 
Professor Eddington suggests, they are not merely the pnvate affair of the 
isolated philosopher They are too important to be that 

As we approach the conclusion of the narrative pursued m this book, we 
can distmguish m retrospect three aspects of the progress of science One 
IS the enlargement of experience by patient observation A second is the 
extension of observation by the improvement of matenal mstniments 
The other, which is the co-ordmation of expenence by the mtroduction 
of new symbols to commumcate discovenes, is of special mterest m connexion 
with the problems dealt with m this chapter. From time immemonal the 
progress of saence has been obstructed by the poverty of language and 
the need for what Sir Wilham Petty called a “dictionary of sensible words.” 
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Petty proposed a self-denying ordinance to prohibit the use of words 
which, having too many meanmgs, have no meamng at all Few words have 
a better claim to such treatment than the word explanation What some 
people mean by an explanation is labellmg a naturd phenomenon with a 
word which makes it a thin g apart The “mental deasion” of Professor 
Eddington, when he writes as a Gifford Lecturer, is an explanation of this 
sort It IS an object of awe, suffiaent m its own right. As such it is a survival 
of the emotive use of language as verbal ntual to propitiate the unspeakable 
by mcantation Scientific explanation is altogether different. It exposes the 
connexions between different thmgs, and thus gives us reapes of conduct 
The language m which the isolated philosopher descnbes “causation,” when 
he is passively contemplating his own “mental deasions,” has nothing m 
common with the language in which scientific workers commumcate rules for 
regulating behaviour Such rules must mclude how sense organs signal 
changes which occur in our surroundmgs and in our own bodies, how the 
nervous impulse traverses the synapses of the brain, how previous stimula- 
tion affects the ease with which they do so, and many other cognate topics 
which are omitted m Professor Eddmgton’s pronouncements on biological 
problems 

Biologists who are studymg these problems are not complacent about our 
Ignorance and the need for more knowledge. The most they ask is that we 
should now judge the respective claims of collective scientific observation 
and the self-knowledge of introspective philosophy by their fruits That 
the comparative study of ammal behaviour has taught us far more about 
our own sensations than the combmed efforts of moral philosophers is 
difficult to dispute, if we compare the present state of knowledge with what 
was known when Kant wrote the Critique of Pure Reason All that we then 
knew about sensation was circumscnbed by the five senses — sight, sound, 
smell, taste, and touch, which severally signal changes m the “external” world 
around us Nothmg was known of the receptors which record changes m the 
mtemal field of our own bodies, and there were no known faas to contest 
the assertion that our recognition of space is mdependent of our sense organs 

Before Flourens carried out his experiments on the serm-circular canals 
of Birds (1828) a blind man’s knowledge of space was a priori That is to say, 
It belonged to the provmce of moral philosophy, and there was nothing more 
to be said about it Since then experiments on animals have shown us that the 
body has receptor organs which record orientation to the earth’s gravitational 
field, receptor organs which register rotational displacement and receptor 
organs which signal the relative position of mdmdual parts to the body as a 
whole Surgical practice has shown that much of our new information about 
how ammals can balance themselves is also relevant to the perception of space 
by human beings We can therefore add several new items to our dictionary of 
sensible words Nowadays we do not say that a bhnd cat falls on all fours 
because it has an a prion knowledge of space, or because it has made a 
“mental decision” to do so When Professor Eddington himself makes a 
“mental decision” to use Riemann’s geometry bis behaviour seems to be 
more closely connected with experiments on the speed of hght than with 
mtemcDts about a pnm space perception. 
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In some of his experiments Pavlov made dogs secrete sahva by repeated 
stimulation at regular mtervals In certam circumstances they would con- 
tinue to do so at regular mtervals^ when no external stimulus was applied 
A philosopher might say that they have a sense of time, and nothmg which 
introspective philosophy can tell us about the “five senses*^ can throw any 
further hght on how they get it We can now connect the dog’s perception 
of time with other thmgs about a dog’s make-up, because we know that 
proprioceptive sense organs, which register the relatively quick movements 
of the heart and the relatively slow pulsauons of the bowel, 'die bladder, and 
other organs with a muscular rhythm, are stimulated at regular mtervals 
like the ear of a dog, when an alarm clock is set to rmg every ten mmutes 
The sound of an alarm clock may be made the condiaoned stimulus for 
sahvary secretion, if food is given to a dog, whenever the clock rings If it is 
timed to rmg at regular mtervals, response will eventually recur at regular 
mtervals when no food is given If a repetitive stimulus which normally 
exates sahvary secretion is tuned to take place whenever the gut muscle 
contracts, stimulation of the proprioceptors of the gut will comcide with the 
unconditioned stimulus From this pomt of view the proprioceptors of the 
gut and its own muscular rhythm take the place of the dog’s ear and the 
alarm clock set to rmg every five mmutes The dog’s a pnon perception of 
tune is Its propnocepnve recognition of its own muscular movements 

How human behaviour depends on characteristics of the human brain 
and sense organs such as those which have been outlmed m this chapter is 
the least important contnbunon of biology to a scientific study of human 
nature Its most important lesson is the danger of self-deception when we 
assert our claims to self-knowledge Human behaviour has many pecuhanties 
which we cannot connect with any charactenstics of behaviour m other 
animals or with anythmg we as yet toow about the properties of the nervous 
system It may be more profitable to study how different charactenstics 
of human behaviour are conneaed with one another than to study how 
they are conneaed with the process of nervous co-ordmauon In that sense 
psychology is a study m its own nght, and most psychologists aie behaviourists 
nowadays. It is ra^er a pity that the word behamounsm has become identi- 
fied with a school of psychologists who pay more attention to the common 
charaaenstics of animal and human behaviour than to the speaal charac- 
teristics which distmguish human behaviour from that of other creatures It is 
possible that we ought find out more about how babies leam to talk if we 
first discovered how parrots can be taught to talk, but it is not certam What 
1$ certam is that we could not find out how parrots leam to talk by askmg 
them, and it is at least likely that we shall not leam much about how children 
learn to talk by the same method. 



CHAPTER XXIII 


NATURE AND NURTURE 
Superstitions oj Our Own Time 


“Until lately,” says J L. Gray m his book The Nation's Intelligence^ “man 
was regarded pre-eminently as the ‘knowmg agent,* the provmce of know- 
ledge bemg external to him The declme of this anthropocentnc view is 
associated both with the rise of rationahsm and hnmamtananism and with 
the expansion of organized social and economic activities At a tune when 
the growth of capitahst enterpnse m democraaes with rapidly mcreasmg 
populations called for new Imowledge concerning men as workers and 
citizens, expenence m the physical and biological sciences had already sug- 
gested ±at human behaviour itself be explicable m terms of orderly observa- 
non and inference ** 

We have now seen how biological progress m the soaal context of tele- 
graphic commumcations weakened the traditional distmcnon between an 
external provmce of science and man the knowmg agent of mtrospectiomst 
philosophy In the present state of knowledge it would be unwary, if not 
presumptuous, to imdertake a conspectus of significant Imes of enquiry mto 
human nature Till it is possible to approach the study of human behaviour 
as a history of human achievement, it is fnutless to express any opmion 
about the relative importance of the problems which occupy psychologists 
today In historical retrospea many issues which claim the attention of 
contemporary psychologists may seem utterly tnvial Seemmgly dull and 
ummagmative studies may be recognized as growmg pomts for a luxunant 
output of frmtful endeavour Six thousand years elapsed between the deter- 
mination of the year of 365 days and the completion of the Newtonian 
synthesis The determinaaon of the Sinus year was itself the culmmauon 
of centuries — perhaps millenma — of painstakmg observation stretchmg back 
beyond the begmmngs of a gram-growmg and pastoral economy. While we 
welcome the fact that psychology has passed beyond the stage of mere 
star-gazmg, and is now begmmng to make use of measurement and 
enumeration, we may also recall how httle importance we now attach to 
the hypotheses with which the priestly pioneers of metrical star-lore were 
preoccupied. 

If any lesson has clearly emerged from this book, it is surely this Con- 
temporary judgments upon the importance of new theones are ephemeral 
The pre-emment cnterion of abidmg achievements m the realm of theoretical 
science is them social frmtfulness, and this we can only recognize m retrospect 
The army of saence marches like that of Napoleon, on its belly. If we are 
permitted to make a plausible guess about the future of psychology we can 
only venture the suggestion that the growmg pomts of modem psychology 
lie m the recorded observations undertaken to meet a specific social demand 
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The soaal deinand for detailed observation on factory welfare and eflSciency, 
business advertisementj native administration, the prevalence of mental defect, 
urban neurosis and fallmg fertility has promoted the foundation of new 
institutes for disciplines vanously called mdustrial psychology, psychiatry, 
anthropology, demography, and so forth The demand for such knowledge 
has been prompted by the conflict of opposing tendencies withm the frame- 
work of capitalist avihzation — missionary effort and imperial exploitauon, 
philanthropic enterprise and the burden of taxation for the upkeep of mstitu- 
uons for the soaally defective, the need for umversal education at a high 
level of mdustnalization and the determmanon to mamtam the social prestige 
of privileged occupations 

It may be too early to judge how far the new humamstic studies are destmed 
to progress without the further impetus of a new social economy or the 
contribution of a new personnel What we can say at present is that some 
genume advance has been made m amassmg detailed observations, and 
that no co-ordmatmg prmciples, analogous to those of the more advanced 
departments of science, have as yet emerged Problems arising m connexion 
with soaal mstitutions, educational techmque, backward races, mdustnal 
efficiency, delmquency, and population converge at one common focus of 
mterest This may be called the problem of nature and nurture In general 
terms it may be stated thus to what extent and m what circumstances do 
the observed differences between the soaal performances of human bemgs 
depend on a different equipment of genes or different arcumstances to which 
the individual reacts at some stage after the fertihzation of the ovum^ This 
question impmges on the correct mterpretation of nearly every class of 
problems which engage the attention of students of behaviour, and smee 
it IS prompted by conclusions derived from rigorous experimental studies on 
hvmg orgamsms, it is important for the student of human nature to grasp its 
imphcations clearly Our concludmg chapter will be devoted to an examina- 
tion of them 

For the social roots of the Nature-Nurture problem we need not go farther 
back than the mtellectual ferment of the French Revolution Issues of social 
status m the earlier Protestant democracies were contested agamst a more 
primitive background of behef The Reformers were a chosen people. 
Augustme’s doctrme of predestmation, supported by St Paul’s assertion 
that an ommscient deity foreordamed who should be predestmated and only 
called those who had been, was fittmg to the temper of the Reformation 
struggle Durmg its first phase of puacy and slave-raiding Enghsh and Dutch 
colomal policy was reassured by the scriptural curse on the descendants of 
Ham At the begmnmgs of the seventeenth century a Dutch divme, 
Arminius, gathered around him a small foUowmg favourable to the Pelagian 
heresy that salvation is an act of free choice, and supported this conviction 
with scriptural testimony quite as xmequivocal as that of its opponents 
In Holland Calvinism remained the official creed of the richer merchants, 
who adhered to the Reformed persuasion In contemporary England it 
received support from the Laudian Churchmen who were antagomsuc to the 
new plutocracy. During the eighteenth century Wesley’s doctrme of free 
grace canned on the Oxford tradition of Wycliff ’s poor pnests and the Laudian 
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Churchmen A mass movement, which comcided with the declining influence 
of the merchant prmces, was the signal of a humanitarian revival rooted m 
the behef that all men are ehgible for salvauon The abolition of slavery lu 
the British possessions was one act of a drama which unfolded with the 
impeachment of Warren Hastings by Burke That Burke became a vehement 
antagomst of the Jacobms remmds us how little the peculiarly rehgious 
ideology of the Industnal Revolution was fostered by the mfluence of 
secularist controversies on the continent English humamtariamsm was led 
by men and women who had come under the mfluence of the Quakers and 
the Methodist Revival 

French humamtanamsm, on the other hand, was essentially secular, and 
as such more closely reflects the stage which biological saence had then 
reached The class structure of pre-revolutionary France was far less flexible 
than that of England where nobles had mvested and merchants had been 
kmghted from the begmnmgs of the wool trade with the Low Countnes 
The divme right of British kmgs had been settled once for all by a decisive 
experiment m 1648 The maintenance of the French nobility as a caste, by 
social and legal conditions of marriage, carried with it the doctrme of fixed 
estates, ordamed by providence Agamst a gratuitous assumption which 
placed the majonty of Frenchmen under the same curse as Ham’s descen- 
dants, the forerunners of the French Revolution advanced the doctrme of 
natural rtghtSy associated especially with the name of Rousseau The doc- 
trine of natural nghts rested on the assertion that social orgamzation 
mvolves an imphcit undertaking on the part of human beings to satisfy 
their common needs This so-called ^"social contract" has been nghtly ridi- 
culed m so far as it was put forward as a satisfactory description of the 
psychology of soaal evolution None the less, it embodied the important 
truth that no pubhc symposium on social conduct is possible, unless mdi- 
viduals who participate forgo supernatural and egotistic claims for preferen- 
tial treatment, and recognize that the satisfaction of common needs is the only 
rational basis for co-operative activity A corollary to the social contract, that 
the different pohtical privileges which men enjoyed have no basis m their 
inborn aptitudes, has been criticized with less regard for what the authors 
of the doctrme stated Rousseau’s views are expressed with the utmost clarity 
at the beginmng of his essay entitled The Ongm of Inequality 

I conceive that there are two kinds of mequality among the human species 
one, which I call natural or physical, because 11 is established by nature and 
consists in a difference of age, health, bodily strength, and the qualities of tiie 
mmd or of the soul, and another, which may be called moral or pohtical in- 
equality, because it depends on a kmd of convention and is established or at 
least authorized by the consent of men This latter consists of the different 
privileges which some men enjoy to the prejudice of others, such as that of 
being more rich, more honoured, more powerful, or even m a position to 
exact obedience It is useless to ask what is the source of natural inequality 
because that question is answered by the simple defimtion of the word Again 
It IS still more useless to enquire whether there is any essential connexion between 
the two mequalities, for this would be only askmg m other words, whether those 
who command arc necessarily better than those who obey, and if strength of 
body or of mmd, wisdom or virtue, are always found m particular mdividuals 
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in proportion to their power or wealthy a question fit perhaps to be discussed 
by slaves in the hearing of their masters but highly unbecoming to reasonable 
and free men In search of the truth. 

Since there is a fashion of referring to the “mystical equabtananism” of 
the French Revolution^ it may be pointed out that Rousseau himself does 
not depart a hairsbreadth from the estabhshed biological knowledge of his 
own tune or that of the ensumg century and a half Indeed, his choice of 
words shews more discnmmation than that of some biologists still hving 
It IS admittedly true that some of Rousseau’s successors expressed views 
which would now be regarded as givmg undue emphasis to the effect of the 
environment and too httle attention to the genetic equipment of the mdi- 
vidual On the other hand, it is an error to suppose that the earlier soaahsts, 
whose views on economic equahty are traced to the influence of the French 
matenahsts, embraced the tabula rasa as held by some of the educational 
refonnen of the same penod For mstance, Robert Owen expressly repudiated 
any mystical views about individual differences 

“The organization of no two human bemgs is ever precisely the same at 
birth,” he writes m The New Moral Worlds “nor can an subsequently form any 
two individuals from infancy to maturity to be the same ” He adds, 
“nevertheless, the constitution of every infant, except m case of orgamc disease, 
IS capable of bemg formed or matured eitlier into a \ ery inferior or very superior 
being, accordmg to the qualiues of the external circum^itances allowed to influ- 
ence that constitution from birth ” 

In the language of his own tune this was an optimistic way of saymg that 
the existence of genetic differences does not entitle us to set any future limit 
to the educabihty of the mdividual We may conelate observed genetic 
differences with limits of educabihty m response to existing methods of 
educauon We cannot say how far those limits may be altered by an extensive 
change m our methods of education So soon as we do so we commit ourselves 
to what Jenmngs calls “the fallacy that showmg a characteristic to be heredi- 
tary proves that it is not alterable by environment ” 

The common sense of Rousseau and of Owen appears all the more com- 
mendable if we compare their views with those of the leadmg biologists 
during the reacuon which followed the death of Robespierre During the 
first two decades of the mneteenth century the French evolutiomsts concocted 
a doctnne which is devoid of any plausibility as a scientific hypothesis, and 
may now be consigned to the museum of extmet pohdcal rauonahzations 
The Lamarckian teaching, as it is called after its prmapal protagomst, set 
forth two propositions One was that animals possess a wiU w^ch contmually 
spurs them on to more strenuous efforts, the results of which accumulate m 
their offsprmg Perhaps because Lamarck’s followers dechned to stomach 
a vegetable will, the Lamarckian view of evolution was also supplemented 
by a second or vegetative process of passing from parent to offsprmg the 
direct effect of the environment on the body of the parent 

It IS sometimes said that Lamarck’s views represent behefs which had 
always prevailed among biologists from Aristotle to his own time. Smee 
most supjerstitions can be unearthed m the works of Aristotle, this may be 
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true What requires an explanauon is why Lamarck took So much trouble 
to elaborate and define a doctrine which ceases to be credible when it is 
stated m exphcit terms, and why it was widely accepted by his contem- 
poranes Perhaps the answer is that the pohtical deductions to be drawn 
from It mvested the pnvileges of the wealthy with the verisimihtude of natural 
law, Accordmg to the Lamarckian view, social and biological evolution are 
co-extensive and mterdependent processes So the existence of social classes, 
hke the classes of the taxonormst, reflects the accumulated advantages 
of thrift, perseverence, and a beneficent environment In fairness to Lamarck, 
St Hilaire, and those who embraced their doctrme, it should be recog- 
mzed that some zoologists soil regarded the sperm as a parasitic orgamsm, 
others professed to detect the complete homunculus within it, while pre- 
formatiomsts, who taught that the egg was a mimature adult complete in all 
Its parts, were still vocal In this setting it was not difficult to persuade 
oneself that biological and legal inheritance resemble one another as closely 
as the conventions of Enghsh spellmg suggests, or that parents do, m fact, 
hand on their noses to their ofispnng m much the same way as they hand 
on ffieir belongmgs 

The discredit of a doctnne so plausibly adapted to the maintenance of 
social privilege was not accomphshed till the compound nucroscope had 
revealed the details of sexual umon m ammals 1 he challenge which Weis- 
mann issued to the Lamarckian doctrine immediately followed the work of 
Boveri and van Beneden, the first zoologists to discover that the only neces- 
sary contribution of the male parent to the hereditary make-up of its offspnng 
is the chromosome complex of the sperm These discoveries have been 
summarized m Chapters XVII and 5^1, where we have seen that our 
parents do not endow us with charaaers They endow us with genes which 
cannot carry their cheque books mto the next hfe Although some ume 
elapsed before biologists were reconciled to a 100 per cent death duty on 
improvements to surgical property, experimental biologists are now agreed 
that Weismann performed a genuine service when he pomted out that the 
state of death claims all our accumulated anatormcal eammgs Since Weis- 
mann’s tune experiments published by the few survivors of the Lamarckian 
tradition have been repeated again and again with contrary results The 
clock-like regulanty with which a new expenmentum cruets has been de- 
molished by subsequent enquiry has depnved the issue of further interest 
The evolutionary controversy then at its height m England and Germany 
gave the problem of nature and nurture a new mterest and a new bias The 
Descent of Man from a stock of arboreal mammals imphed a fimdamcntal 
umty m the mechamsm of human and animal behaviour Inevitably the 
opposition which this view encountered sometimes tempted its supporters 
to emphasize similannes rather than to probe differences 
The genes which an mdividual receives determme what sort of neuro- 
muscular organization it will develop m its usual conditions of growth 
Certam features of neuromuscular organization are characterisac of 
mdividuals of a species or genus and as such depend on idiosyncrasies of what 
we should now c^ the gene complex of different speaes. Broadly two kinds 
of difference in the neuromuscul^ organization of different species may he 
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distinguished One includes differences in the character of relauvely stable 
responses to external influences, as, for instance, whether bodily orientation 
IS mainly determmed by light or gravity, and if by the latter whether it is 
positively or negauvely^^^i^ac^ic (see p 1032) The other includes dilFerences 
in the extent to which the pattern of behaviour is modifiable by previous 
experience, as, for instance, a difference between sheep-dogs and snails 
Pure lines of individuals, distinguished by their normal responses to hght 
or by their abihty to leam how to thread a maze, have now been separated 
within the limits of a smgle species There is therefore no obstacle to the 
conclusion that mter-specific behaviour-differences have arisen by selective 
survival of mutations which turn up with m the confines of a smgle species 

In Darwm’s time such enquiries had not been undertaken Studies on 
ammal behaviour had been chiefly concerned with elucidating differences 
of the first type, and biologists A^ere less alert to the difficulties of detectmg 
genetic differences affectmg the educability of animals Gallon, whose Inquiry 
into Human Faailty focused attention on the problem of the contribution 
of heredity to differences of human behaviour, showed himself to be aware 
of the difficulties when he w rote — 

Man IS so educable an animal that it is difficult to disunguish between that 
part of his character which has been acquired through education and that 
whif h was m the original grain of lus constitution 

THE SOCIAL BACKGROUND OF EUGENICS 

The hght-heartedness with which his follow ers shouldered the difficulties, 
which Galton himself recognized, is less perplexmg when we consider the 
material and mtellectual context m which the “eugemc movement*' started 
In the material context of the Darwinian controversy the geographical aspect 
of evolution was the predommating issue Naturalists were specially m- 
terested m patterns of behaviour which distinguish ammals livmg m different 
territories, and such differences are mainly dependent on the hereditary 
equipment characteristic of a species Bemg at the same time preoccupied 
with defending the doctrme of human descent from an anthropoid stock 
they were not encouraged to examme the credentials of analogous behefs 
about human beings Contemporaneously the exploitation of peoples at 
retarded culture levels powerfully mfluenced the mtellectual temper of a 
period which witnessed the abohtion of negro slavery m America and an 
unprecedented, if unobtrusive, expansion of the British Empire 

Thus It was that the ‘‘missmg hnk” provided the occasion for one of the 
most heroic sociological exploits of anatomical science There is an account 
of the incident given m Dr Haddon’s History of Anthropology Three years 
after The Origin of Species was pubhshed Dr James Hunt, President of the 
Anthropological Society, read his paper on “The Negro's Place m Nature ’* 
In It he mamtamed that “the analogies are far more numerous between the 
ape and the negro than between the ape and the European ” In 1866 he re- 
corded a further contribution to the detection of the missmg link by assertmg 
that “there is as good reason for classifymg the negro as a distma species from 
the European as there is for making the ass a distmct species from the zebra " 
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In this discussion Huxley gave the exponents of the nussing link a half- 
hearted support tempered somewhat by ^s humane and sceptical disposition 
An obituary notice of Dr Hunt m a New York paper announced m 1870 the 
‘‘Death of the Best Man m England ” Sixty years after the pubhcation of 
Hunt’s first communication, a leading American anthropologist, Professor 
Kroeber, summed up the present state of knowledge m the followmg terms 

The only way m which a decision could be arrived at along this Ime of 
consideration would be to count all features to see whether the Negro or the 
Caucasian was the most unapelike m the plurahty of cases It is possible that 
m such a reckoning the Caucasian would emerge with a lead But it is even 
more clear that which ever way the majority fell, it would be a well-divided 
count 

To many of Darwm’s contemporaries Natural Selection was at once a suffi- 
cient justification for revivmg the Calvmistic curse on the descendants of Ham 
and an alternative to Lamarckism as a plausible rationale for the inherent 
superiority of the newly ennehed manufacturer and entrepreneur The 
distaste of the latter for undertaking obligations accepted by an older aris- 
tocracy was reassured by such pronouncements as the ensumg passage 
wntten m 1870 by St George Mivart, a noteworthy zoologist, who defined 
natural selection as a process 

winch under bracmg cbi rates, rough livmg, and absence of medical aid (ibj 
beneficial to a community however fatal mdividuals by killmg off weak 
members and reducing to a compact commumty of hardy and vigorous 
survivors 

By the end of the mneteenth century the demand for educational expan- 
sion, sponsored in the early stages of mdustrialization by a social class which 
was largely excluded from the older seats of learning, had become a challenge 
to their privileges as a new hereditary caste Galton’s plea for a science of 
eugenics to study “those agencies under social control which may improve 
or impair the racial quahues of future generations” bore fruit m a movement 
for obstructmg the general enlightenment of mankind Eugemes became 
identified with a system of mgemOus excuses for combatmg the amehoratiori 
of working-class condiaons This temper is well illustrated by the following 
quotation from Dr Schuster’s Eugenics^ one of the first books on the subject 
to appear m this country 

The London County Council sets up educational ladders m all parts of the 
Metropolis, but finds it difficult to get boys to go up them The number of 
children m the schools mamtamed by the rates who are bright enough to 
make it worth while to give them the scholarships provided by the Londt)n 
ratepayer is hardly enough to fill them No difficulty is experienced in filling 
those at the Public Schools or the Umversities with boys of a very respectable 
level of mtelligence, whose fathers belong mostly to the professional classes 

A quotation from The Family and the Nation by the Whethams illustrates 
the same bias * 

Better that an able carpenter should develop slowly into a small builder 
leavmg six tall sons to play their part manfully and, perchance, rise one step 
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more, than that* he should be converted by a County Council Schol n ship into 
a primary schoolmaster, or second-grade Civil Service clerk They were 
good sociologists as well as good divines who taught “to learn and labour 
truly to get nune own living, and to do my duty m that state of life into which 
It shall please God to call me Scholarships have their dangers when used 

to raise those who wm them too suddenly and completely out of their natural 
class . . In the matter of education there is a tendency to attribute far too 
much effect to outside and expensive environment and to lay too little stress 
on heredity and the traditions of the family (Italics mserted ) 

The mtervention of the deity m this passage suggests that it is mtended 
as a pious reflection rather than the disclosure of a scientific discovery Dr 
Whetham and his wife envisage limits to the blessmgs of competition 

The policy of competitive examination, when driven to excess, has resulted 
m closing partially the doors of various honourable professions to those who 
m due course of time would have been best fitted to excel in them During the 
last two centurKs the landed and official classes could be certam of obtaimng 
tor many of their sons posts in which, at ail events, a living wage was secure 
Now the posts are filled by competitive* examination from a wider sphere ” 

The same authors sum up the eugemc diagnosis of the national education 
problem thus. 

Our public and elementary schools have been much to blame, the one in 
that they failed to modify the type of education to suit the altering condmons 
of national life, the otlier that they tended to depreciate manual activity and 
craftsmanship, and over-supplied the ranks of tlie clerks and penmen The 
great public schools go on training their boys chiefly m classics and ancient 
literature, when ilie demand has been for men of science, for economists, 
engmeers, and scientific d r iculturahsts, of the same class and breeding as tlie 
men supphed by the public schools The classically trained men h^ve difficulty 
infind%7ig openijigs in after life, owing to their type of education The men educated 
scientifically in schools of other types are often rejected because their heredity 
and training leave them unfit to deal with men, especially with workmen, foreigners, 
and natives Moreover, from the employer's point of viezv, they often lack the 
guarantee of character and the intuitive sense of masterfidness that are the usual 
concomitants of the man of good family (Italics inserted ) 

A quotation from Ma)or Darwin’s book, Eugemc Reform, may reinforce the 
suspicion that eugemc propaganda has been mouvaied less by a dismterested 
concern for the advancement and application of scientific knowledge than 
by the resentment of a certain seaion of the privileged class towards the 
disconcertmg results of competition arismg out of the extension of educa- 
tional opportumties 

‘Tt may be suggested,” writes Major Darwm, “that the award of scholar- 
ships would result in the pickmg out of the best of each social class, and that 
by thus giving advantages to a selected few over their early associates, they would 
be made more likely to marry with eugemc consequences This beneficial effect 
of scholarships is, however, m my opinion, likely to be outweighed by influences 
acting in the opposite direction . . . Scholars certainly form a carefully 
selected and valuable group of the community, and if it be true that on the 
whole scholarships tend to dimmish the fertihty of their recipients, their award 
must be held to produce eugemc consequences To aid a few exceptional 
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sons to mount to the top of the social ladder by the award of valuable scholar- 

ups would probably be less harmful to the race than to aid a larger number of 
persons to climb up a smgle step by the award of many minor scholarships 
There is, however, yet another side of this question which has to be taken into 
account j and that is the effect of the award of scholarships to members of a 
lower stratum on the fertility of potential parents belonging to the higher strata 
into which these selected scholars would enter as recruits The effect on potential 
parents of any increase m competition from outside their own social stratum 
must be to make them feel less secure m regard to the prospects of any children 
they might have in the future, and this feehng of insecurity would tend to make 
them less fertile Hence the award of scholarships tends to produce mfertility 
not only in the social stratum primarily affected, but also m all the strata 
above it And the only complete remedy for the harm done by scholarships — 
and also by educational facilities generally — m promotmg infertility by facili- 
tating the transfer between classes would be by the introduction of a caste 
system so rigid as to prohibit all movement between the different social 
strata ” 

Another issue which helped to thrust the problem of nature and nurture 
into the foreground of soaal controversy was the emergence of new social 
machmery for dealmg with a special class of human behaviour In the 
eighteenth century the idiot and the lunatic were objects of derision and 
abhorrence, roaming at large or confined m condiuons similar to the worst 
jails of the time In England and America their condition was forced on the 
attenuon of the legislature by the growth of humamtarian sentiment and the 
exigenaes of urban concentration Those who took an active part m pro- 
motmg new msatuUons for the care of the mentally defective or deranged 
were generally mspired by a philanthropic zeal which drew httle mspirauon 
from scientific knowledge The folio wmg quotation given m Penrose’s book 
on The Mental Defective conveys an attitude which was commonly accepted 
by them It is taken from one of the earhest report? of Park House, Highgate, 
the first asylum for ‘‘idiots’’ m Great Bntam 

We ask that he may be elevated from existence to life — from ammal being to 
manhood — from vacancy and unconsciousness to reason and reflecuon We ask 
that his soul may be disimprisoned, that he may look forth from the body with 
meaning and mtelhgence on a world full of expression, that he may, as a 
fellow, discourse with his fellows, that he may cease to be a burden on society, 
and become a blessmg, that he may be qualified to know his Maker, and look 
beyond our present imperfect modes of being to perfected life m a glorious and 
everlasting ^ture I 

No form of piety has done more to discourage the study of how mdividual 
conduct IS moulded by its surroundmgs than the faith that providing a 
“good” environment is the way to produce a “good” character When the 
course presenbed by the pious founders of the new mstitutions failed to 
remstate the victims of their benevolence as acceptable members of society, 
opimon swung to the opposite extreme The naively optimistic view that 
defective neuromuscular development can be cured by kmdness prepared 
the way for a fatalisnc insistence on sterihzaaon as a panacea for social 
betterment, and the voluptuous enthusiasm with which the Eugenic move- 
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mcnt espoused the cause of mutilatioa is attested by a flood of liteiature too 
copious to meat atation. 

The truth is that the new fashion had as httle foimdauon as its predecessor 
in firmly estabhshed saentific knowledge In different departments of social 
discussion both views contmue to flounsh. Educational reformers with 
radical views often justify them by arguments which suggest that cater- 
pillars of the cabbage butterfly will take to a mixture of pollen ^nd honey 
Their opponents appear to hold that Newton would have wntten his Prtnctpia 
if he had been bom m Tasmama 

While recognizmg the cross currents of prejudice m the social background 
of the Nature-Nurture problem we need not fall mto either of two errors^ 
which are all too common One is the naively raaonahsne view that science 
only advances m an atmosphere of complete detachment from social objec- 
uves The other is the adolescent delusion that behefs are necessarily wrong, 
if persons who hold them are encouraged to do so by unworthy considera- 
tions The truths of science are recipes for human action, 'md science flourishes 
when It IS actively mimstermg to soaal needs. It advances conspicuously in 
penods when men and women are actively engaged m rational endeavour to 
change their social environment, and is held back when those who partici- 
pate m it are too anxious to find rationalizations for pnvilege or political 
strategy The complete detachment sometimes assoaated with an idealized 
scientific worker is not an attribute of human behaviour New soaal cir- 
cumstances conspire to focus mterest on new problems and on fresh 
aspeas of old ones, or to deflect enqiury from fruitful themes which 
might well be pursued — and endowed — if human bemgs were always reason- 
able, considerate, uniformly curious and unselfish Smee human beings 
are not always reasonable, considerate, umformly curious and unselfish, 
they are generally compelled to pursue the search for truth within hnuta- 
uons which sclf-mterest or the mterests of a narrow soaal group impose 
One social economy will tend to encourage some lines of enquiry neglected 
by another Conversely it may neglect a type of research encouraged else- 
where or at another time So also the social upbrmgmg of the saentific 
worker helps hm to concentrate on some aspects of the manifold reahty 
or makes it diffi cult for him to recognize truths easily accessible to mediocre 
powers of observation and inference 


THE MEANING OF “NATURE AND NURTURE” 

A large body of data dealmg with the influence both of nature and of 
nurture has accumulated smee Mendel, Darwm, Weismann, Galton, and 
their generation first discussed these quesuons. We are now able to be more 
clear about what we mean by differences due to genes and differences due 
to environment with greater precision That is to say, we can state m what 
situations such differences can be distmguished. Two examples from the 
saentific study of animal breeding will clarify the distmction 
If chickens are fed on yellow com or given green food, we can distmguish 
between some varieties which breed true for yellow shanks and others which 
breed true for colourless shanks. This is z genetic difference Crosses between 

2L 
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such varieties, when all the progeny are fed on yellow corn or given green 
food, yield numerical rauos of the two types m conformity with Mendefs 
prmciple If chicks of the variety with yellow shanks are fed exclusively 
on white com they grow up with colourless shanks The difference between 
a fowl of the yellow variety fed on yellow com and a fowl of the same variety 
fed on white corn is a difference due to environment If we crossed fowls of 
the yellow vanety with fowls of other varieues, givmg some of the progeny 
yellow corn and others white com, we could not expect to obtam constant 
numerical ratios such as MendcFs principle prescribes If two poultry farms, 
both using yellow com for food, specialized respecuvely m birds with black 
plumage and yellow shanks and m birds with barred plumage and white 
shanks, we should call both differences genetic differences If both farms 
decided to use white com, we should only be able to recogmze the plumage 
difference as a genetic difference If both farms varied their procedure quite 
promiscuously, we should not be able to tell whether the difference between 
one bird witli yellow shanks and anodier bird with colourless shanks was a 
genetic difference or a difference due to environment 
Rabbit husbandry provides another illustration of the same issue Some 
rabbits deposit yellow fat when fed on green-stuffs Most rabbits have white 
far, whether given greens with their food or not Yellow fat is a serious 
carcase defect from a commercial pomt of view, because purchasers ob)ect to 
It Rabbits which have white fat when fed on green food possess a hver 
enzyme which breaks down xaathophyll, thus preventmg it from reaching 
the fat deposits Rabbits which deposit ycUow fat Jack this enzyme Michael 
Pease has shown that when rabbits of both kinds are crossed and back- 
crossed, the absence of the enzyme behaves like an ordinary “recessive 
character It is only recognizable as such if the rabbits are given green food 
containing the yellow pigment In a group of rabbits of both types we can 
recognize the gene difference by giving them all green food In that case the 
biological environment is neutral and the gene difference is the isolate which 
we are investigating If none of our rabbits possesses the enzyme which 
breaks down xanthophyll, we can make their fat white by feeding them 
on mash and potatoes, or yellow by feeding them on mash and cabbage 
The genetic consatuaon is then neutral^ and the biological environment is 
the isolate of the investigation The pracucal breeder has therefore two 
remedies from which to choose He may put the blame upon the biological 
environment and cut off the supply of green food He may put the blame upon 
heredity and breed for white fat 

In the practice of medicine the same choice may confront us In some 
situations the doctor can put the blame for a particular disease on heredity 
and m others upon environment An exaa biological parallel to cretinism, 
a disease mcluded under the general term amentia (idiocy, unbecihty and 
feeble-mindedness), illustrates this very clearly. Cretmism is a condition of 
stunted growth and a childish level of mtelligent behaviour It turns up 
occasionally m all conunumties, and is specially common m ceriam locahues 
For this reason doctors sometimes distmguish between a sporadic and an 
endemic type of the disease. In the same way we may distmguish between 
genetic and ecological neoteny m Amphibia, Cre tinis m is due to insufficient 
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quantity of tAe iodine compound manufactured by the thyroid gland 
Insufficiency of the same hormone m Amphibia prevents the aquatic tadpole 
from transformmg mto the terrestnal adult This may be because the thyroid 
gland IS incapable of domg its proper work, but even when it can do so, it 
cannot make thyroxme without iodine So if tadpoles arc kept m water with 
no trace of iodine and fed upon a diet free of lodme compounds, they fail to 
transform into frogs. 

The European salamander normally completes its development and breeds 
in the adult form In certain mountainous districts, where endemic cretinism 
IS reported among human bemgs, the newts commonly fail to undergo meta- 
morphosis, or do so after great delay This is probably because the iodine con- 
tent of the waters in which they hve is low. A similar explanation does not 
apply to a local race of the Amencan salamander {Amblystoma tignnum) m 
the neighbourhood of Mexico City Individuals belongmg to this race never 
grow up Though they breed from generation to generation m the aquaac 
form, they will grow into the terrestnal salamander if fed on thyroid gland, 
and they will not do so if given iodine compounds They possess a thyroid 
gland which does not release its secreuon mto the circulation Tailuic to 
undergo metamorphosis m the presence of sufficient iodine sometimes 
occurs sporadically m the Colorado variety among mdividuals living side 
by side with tithers which complete their development, but the Mexican 
variety breeds true for its mabihty to undergo metamorphosis when kept m 
aquaria with access to an abundance of iodine compounds 

Human bemgs do not hatch out as free-swimmmg larvae m fresh water 
They spend the first mne months of their hves nounshed by the maternal 
circulation A human foetus which receives its nourishment from a mother 
whose thyroid secretion is deficient is therefore analogous to a tadpole reared 
m lodme-free water with food containing httle lodme It is important to 
remember this, because the term “environment” is sometimes circumscribed 
by a false delicacy In the discussion of “mental mhentance” the term 
environment is sometimes equated to traming, and even to trammg at so late 
a stage as when school education begins This is very misleading. The fact 
that a condition is congemtal provides no presumptive evidence for the 
view that differences of environment play little part m its occurrence At 
the time of birth a human bemg has already completed about mne months of 
Its existence as a separate mdividual Durmg that time its environment is 
the womb (uterus) of its mother, and her physical condition is relevant to 
the sort of envuonment m which the most formative stages of develop- 
ment occur. The fact that a disease is congemtal is compatible with three 
possibihties that genetic differences account for its occurrence, that it is 
determined by idiosyncrasies of the uterme environment, or that both 
these agenaes play their part m its manifestation. Several things pomt to 
the importance of stud)ang the influence of the uterme environment upon 
the charactenstics of mdividuals One is the high mcidence of certain 
conditions among firstborn children. Another is the high mcidence ol 
various malformations among offsprmg of women approachmg the end of 
the duld-bearmg period. 

A previous example to illustrate the meamng of a genetic difference drew 
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attention to a distinction which is of fundamental importance both for the 
theory and practice of mediane In contrastmg variations m plumage colour 
with the colour of the shanks we are not separating a class of phenomena 
to which the Mendehan prmciple apphes from a class of phenomena to 
which It does not apply We are distinguishing between a class of phenomena 



Tig 4S0 — On the Right, Axolotl, Larva of Mexican Salamander On the 
Lfft, Same Six Weeks After Feeding with Thyroid Gland — It has Now Assumed 
THE Adult Form 


which arc easy to study and a class of phenomena which demand more careful 
control of the environment There is no hard-and-fast Ime between the two 
Genetic differences which distmguish plumage colour m fowls are recog- 
mzable over a very wide range of environment This does not mean that they 
are just as big m every environment which human ingenuity can devise The 
difference between the pure black plumage of the Langshan and the mottled 
plumage of the Light Sussex is a genetic difference By thyroid feedmg, the 
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extent of the black areas m the Light Sussex can be very considerably 
extended In short, no statement about a genetic ditfercnce is clear, unless ti 
includes or implies a speqfication of the environment in which it manifests itself 
in a particular manner 

Charaaerisncs of orgamsms are the result of mteracaon between a certain 
geneac equipment contamed m the fertihzed egg and a certam configura- 
tion of extrmsic agencies The last mclude the conditions of hfe m the 
human uterus and the external environment m which man’s social existence 
IS carried on Differences between individuals may arise from differences 
in the kind of genes present in the fertihzed egg and from differences m 
the uterme or post-natal environment Differences of the first kind, that 
IS to say, differences due to a different equipment of genes, may be of two 
types (1) differences which are recogmzable in almost any environment in 
wluch the fertihzed egg will develop and continue to grow, and (2) differ- 
ences which are only manifest within a fairly restricted range of environ- 
ment In the human species examples of the first type are the difference 
between a haemophihac (bleeder) and an adult whose blood coagulates m the 
normal way, or between an amaurotic family idiot and an ordinary infant 
Medical examples of the second type arc less easy to cite because they are less 
easy to detect That does not mean that they are less numerous Probably 
the best case is the type of mental defect called Mongolism Whatever gene 
differences are mvolved m the appearance of this condition appear to require 
a special pre-natal environment to make them recognizable 

The distmcuon between the two classes is of the utmost importance from 
a preventive pomt of view. When we have to deal with the first, we can 
readily determme the type of transmission mvolved, and if we know it, we 
can esomate the rate at which affected mdividuals can be elimmated by 
discouragmg parenthood It is more difficult to determme the method of 
transmission when a disease belongs to the second class Unless afiected 
individuals are extremely rare, it is rarely possible to do so, and only so 
if we can specify with some precision the kmd of environment in which 
the manifestation of the gene is recogmzable So we cannot give a certain 
answer to the question what would be the result of selective mterference 
with parenthood? Usually we could deal with the matter without recourse 
to selecnon, if we had the kmd of knowledge which tells us how much 
effea selection would achieve For mstance, we know sufficient today 
about the way m which people get cholera to study the genetic factors 
mvolved m susceptibihty to the disease among a group of mdividuals 
equally exposed to the danger of contractmg it The fact that we have 
the knowledge to study the problem is the reason why it is of no practical 
importance to do so To understand the environmental situation is to be 
able to control it. 

When wc understand the modus operandt of the gene, we can state the 
kmd of knowledge we need m order to control the conditions m which its 
presence will be recognized A vanety of the domestic fowl known as the 
Frizzle has defective plumage Frizzle crossbreds are characterized by curlmg 
of the feathers upwards and outwards The pure-bred Frizzle remains prac- 
tically bare throughout its first year of life, appeanng to be m a state of 
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perpetual moulting It is extremely delicate and difficult to rear When newly 
hatched^ the down feathering is fragile and breaks off. The exposure of the 
skm so produced leads to a great loss of bodily heat from the surface, callmg 
forth mcreased basal metabohsm, mcreased heat production, mcreased heart 
rate, lack of fat deposits, and durumshed haemoglobm content of the blood. 
American biologists have now studied the genetic physiology of this breed, 
and have shown that the pure Fnzzle chick will develop a complete plumage 
over the whole body withm three weeks, if protected from heat loss by 
enclosure m a woollen jacket and confined to a warm room 

Thus knowledge of the way m which a smgle dominant gene substitution 
produces its deleterious manifestations teaches us how to prevent their 
appearance Researches of this kind have emphasized three important 
conclusions One is the need for definmg the kind of environment m which 
a given gene substitution manifests itself m a particular way A second is that 
one and the same gene substitution may be responsible for many and various 
manifestations, dependmg upon the kind of environment m which develop- 
ment occurs In the fruit fly Drosophila one gene is predonunantly effeenve in 
the production of eye colour but has an accessory effect upon the wings 
Another influences the number of bnstles but has measurable effects upon 
at least a dozen other charaaeristics to a less noticeable extent For con- 
venience we usually define a gene substituuon by the most stnkmg effect 
which It produces m some speafied environment or by the smgle effect which 
it produces m the widest range of environment in which its effects can be 
rccogmzed In reahty no gene can be supposed to have a smgle and abso- 
lutely specific effect 

The effect of a gene substitution depends on all the other genes with 
which It IS combmed An example from the pathology of fishes will illustrate 
this Two Amencan biologists have recently made a study of mtcrgenenc 
crosses between different varieties of two ^ds of fish kept for ornament 
in aquaria Their popular name is the Mexican killifish Varieties of Platy- 
poeciliis differ m possessmg large black pigment cells, small black pigment 
cells, or no black pigment cells at all In mter-specific crosses, the occurrence 
of the two kinds of black pigment cells can be shown to depend respectively 
upon a sex-linked and an autosomal dommant gene substitution Crosses 
between the genus Xiphophorus and varieties of Platypoecilus havmg large 
black pigment cells result m the produaion of offsprmg with tumours Thus 
a gene substitution whose effect is merely ornamental and, as such, of com- 
mercial value, when accompanied by one combmation of genes, is defimtely 
pathological in its effect m the presence of another 

Whtn we are deahng with gene differences which only manifest themselves 
withm a very narrow range of environment, we may be able to recognize them 
as average measurements of mdividuals belongmg to different stocks, even 
though we cannot deade whether an isolated mdividual belongs to one stock 
or the other One of the most fruitful results of modem genetic analysis is the 
conclusion that a close system of inbreeding separates a mixed stock into 
genetically pure hnes This is implicit m the mathemaucal form of Mendefs 
pnnaple, and has been abundantly proved to be true by such experimental 
work as that of johannsen on beans and Helen Dean Kmg on rats So, when 
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the difference*between two pure lines can only be expressed in te-ms of two 
average measurements for overlapping populauons, it is bkely that indi- 
vidual variation m each stock is the effect of environment, unless the spread 
IS of the same order of magmtude as the errors of measurement 
When wc are studymg ammals in the laboratory we can arrange the 
conditions of an experiment so as to isolate gene differences or differences 
due to environment for separate treatment We can use a highly 
inbred stock of rats to find how body weight varies with the vinmm 
content of the food or whether they form tumours a hen the skin 
IS treated with pentacychc hydrocarbons If wc keep all our rats on 
the same diet, we can also separate pure fines with different growtli 
rates and greater or less resistance to tumours With human populations 
tlie unaided mvestigator cannot do this sort of thing, and when wc 
speak of heredity or environment as more or less miportant m connexion 
with any differences betw^een human bemgs, our criterion of importance n 
relative to the historic environment in which the differences themselves are 
measured Two hundred years ago the majority of Englishmen ran the risk 
of smallpox infection No doubt gene differences played a large part in 
decidmg whether a particular Englishman succumbed to the disease or 
escaped No biologist or clinician would argue that gene differences provide 
the mam reason why modem Englishmen a^e less likely to get smallpox than 
their great-grandfathers or than Esquimaux communities at *^he present day 
We have created an environment in which it does not matter either way 
In the course of millennia it is not unlikely that European communities could 
evolve a high degree of immumty to smallpox through uncontrolled selective 
elimmatiOD of the less resistant The Afncan peoples have probably evolved 
their high immunity to malana m this way Thanks to human mvcntivcness, 
we have not had to wait several millennia to get nd of smallpox 
Practical husbandry and saentific crop production provide vinous 
examples of how human valuations placed upon genetic differences arc rcla- 
Uve to the environment m which they are recognized In his book 7 he Causes 
of Evolution^ Haldane cites two botanical illustrations Engledow 
found that when two varieties of wheat known as Red Fife and Hybrid H 
are spaced at 2 mches by 2 mches. Red Fife yields the larger crop At 2 by 
6 mches the yields are almost equal, and at greater distances Hybrid H yields 
a better crop than Red Fife Sax (1926) has compared the crop of two colour 
varieues of the bean Generally the white of his expenmerts yielded a smaller 
crop, but m exceptionally favourable conditions their yield was better than 
that of the coloured variety So also at different temperature levels the 
white-eyed mutant of the fmit fly may be less or more viable than the wild 
(red-eyed) stock Many of our best pedigree stocks of cattle and garden plants 
would have no chance of survival m nature m competition with their less 
specialized progemtors Their superiority for specific uses depends on the 
existence of a man-made environment 
The recogmtion of a genetic difference thus imphes one of two things 
{a) that the difference is one which manifests itself m almost any environment 
suitable to the survival of the mdividuals concerned, or (b) that we can 
reproduce the kind of environment m which it will be recognizable The 
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last statement is illustrated by the improvement of bvestock m*the eighteenth 
century This happened because the mtroduction of root crops made it 
possible to standardize methods of feedmg Thus Ernie {English Farming — 
Past and Present) teUs us 

Bakewell’s success and the rapidly mcreasmg demand for butcher’s meat 
raised up a host of mutators Breeders everywhere followed his example, his 
standard of excellence was gradually recognized The foundation of the Smith- 
field Club m 1708 did much to promote the improvement of livestock Some 
idea of the effect produced may be gathered from the average weights of sheep 
and cattle sold at Smithfield Market m 1710 and m 1795 In 1710 the average 
weight for beeves was 370 lb , for calves 50 lb , for sheep 28 lb , for lambs 
18 lb In 1795 beeves had risen m average weight to 800 lb , calves to 148 lb , 
sheep to 80 lb , lambs to 50 lb This enormous addition to the meat supply of 
the country was due partly to the efforts of agriculturists like Tull, Townshend, 
Bakcwell,‘and others, partly to tlie enclosure of open fields and commons which 
their improvements encouraged On open fields and commons, owmg mainly 
to the scarcity of winter keep, the hvestock was dwarfed m size and weight 
Even if the number of animals which might be grazed on the commons was regu- 
lated by custom, the stmt was often so large that the pasture could only carry 
tlie smallest animals Where the grazmg rights were unlimited, as seems to have 
been not unusually the case in the eighteenth century, the herbage was neces- 
sarily still more impoverished, and the size of the hvestock more stunted 
On enclosed land, on the other hand, the mtroduction of turnip and clover 
husbandry doubled tlie number and weight of the stock which the land would 
carry, and the early maturity of the improved breeds enabled farmers to fatten 
them more expeditiously 

Just as centuries of experience in rmnmg, dyemg, and medicme were 
necessary to clarify the concept of a pure substance before theoreucal 
chemistry could begin to flourish, centuries of experience in agriculture, 
stockbreeding, and horticulture preceded and contnbuted to the recogmtion 
of those so-called unit characters with which the pioneers of animal and 
plant genetics occupied themselves Historically the recogmtion that certam 
characteristics regularly reappear in certain stocks and do not do so m others 
went hand in hand with the practical task of desigmng the most favourable 
conditions for their appearance The geneticist makes his appearance when 
that task is accomplished 

INHERITANCE IN HUMAN DISEASE 

The stud-book method of Bakewell flirmshed the raw matenals of the 
first and still the most successful discoveries about human inheritance They 
were made by coUectmg family pedigrees of mdividuals with congemtal 
deformities and diseases of the body The data contained m pedigrees can 
yield valuable information, if the mutant genes responsible for an idiosyn- 
crasy exert their effect throughout a wide range of environment It is then 
possible to apply numerical tests to detect their presence, and a large hst of 
physical conditions pass the tests satisfactorily Thus red-green colour 
bhndness and haemophiha (inability of the blood to clot) are due to recessive 
genes located on the X-chromosome , albimsm, alkaptonuria (black urme). 
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and a paralysisv known as Fnedreich’s ataxia are due to recessive gci.cs, which 
are not located on the X-chromosome, brachydactyly (dwarfed fangers), and 
“lobster claw’^ are due to dominant genes 

In suidymg inheritance m human bemgs, it is not possible to start with 
pure-bred stocks So if a human trait is recessive, that is to say, if it is only 
manifest when the mdividual receives a particular gene from both parents, a 
certam proportion of mdividuals who do not manifest the same trait receive 
the gene from one but not from the other parent Similarly, if the trait is 
doinmant, that is to say, if it is recognizable when the individual who sho\\s 
It receives a parUcular gene from one parent only, it may not be possible to 
tell from the appearance of any given mdividual whether he or she has 
received it from one or both parents This is no longer an msuperable 
diiSiculty Marriage is a lottery The natural history of lotteiics, or, as we 
more usually call it, the theory of algebraic probabihty, shows us how to 
calculate what proportion of mdividuals will derive a given gene from both 
parents or from one parent only, if we know the proportion who do not 
possess It Thus the net expectation for diiferent kinds of olFspnng ol parents 
of a specified type can easily be calculated if matmg occurs at random Allow- 
ance can be made for the fact that strictly random mating does not occur 
by studymg the correlation between husbands and wives 

If matmg occurs at random, a simple anthmeucal calculation shows that 
the number of mdividuals who carry a rare gene on only one chromosome 
IS twice the square root of the number who carry it on both members of the 
same pair of chromosomes What this means may be illustrated by albmism 
Albmism is a recessive condition In Britam the proportion of albinos in 
the commumty is about one m twenty thousand Accordmg to the prmciple 
of random matmg, one m every seventy mdividuals who are not albmos should 
therefore carry the gene for albinism on one of their chromosomes For the 
same reason mdividuals who display a very rare dominant condition will 
nearly always possess the gene which determmes it on one chromosome only 
Geneuc theory therefore demands that half the offspring of such individuals, 
if married to a normal person, will have the dommant trait This is easy to 
test m the numerous pedigrees of what medical men refer to as “hereditary"’ 
diseases or disfigurements Such are brachydactyl a congenital absence of 
one of the jomts of the fingers, one form of mght bhndness, a somewhat 
repulsive abnormahty known as lobster claw which is a defornuty of the 
lower limb, the disease known as diabetes msipidus, Huntmgdon’s chorea, 
and the eye defect called aniridia The observed proporuons m famihes with 
one affected parent agree with numerical calculations based on Mendel’s law 
Such diseases could be eliminated m a generation if mdividuals suffermg 
from them were not allowed to reproduce While diseases of this class are 
mcurable, this is the only effective method of prevention 

An mdividual who exhibits a “recessive” condition must receive the 
gene from both parents He or she may thus be the offsprmg of one of three 
types of marriage a marnage between two recessives, a marriage between a 
recessive and an apparently normal mdividual who carries the gene, or 
a marriage between two carriers neither of whom exhibit the trait What has 
been said about albmism shows that marriages of the last type wdl be vastly 

2L^ 
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more common than the other two In other words, recessives are generally 
offsprmg of parents who are not themselves recessives and have no near 
ancestors who are recessives 1 hey cannot be deteaed by collecung long pedi- 
grees We have to resort to other means 
Geneue theory tells us that, if two parents are earners, one-quarter of their 
offspnng will be recessives Thus recessive condiuons tend to turn up among 
several brothers and sisters m a family In the language of the medical pro- 
fession they are “familial ” 1 he proportion calculated from geneue theory 
is easily tested by collecung sufficient cases A second test is sull more 
valuable, especially if the recogmuon of a recessive gene depends on con- 
ditions which are not always present m the family environment Consan- 
guineous parentage will always be more common among parents of recessives 
than among the general populauon The proporuon of consanguineous 
parentage can be stated preasely if we know of the rarity of the recessive 
condiUon About 15 per cent of the parents of albinos and of children who 
die of amaurouc family idiocy are first cousms The percentage of all mar- 
riages between first cousins in the populauon at large generally vanes between 
0 5 and 1 5 per cent m European coinmumties 

Without recourse to mathcmaucs, the reason for this is easy to grasp 
Taking at their face value the figures already cited, the square root rule 
means that if I carry the gene for albimsm on one of my chromosomes, the 
chance that I shall marry an imrelated individual who is likewise a carrier 
IS only one in seventy If I marry my cousm, I am marrymg an mdividual 
who has received a certain proportion of her chromosomes from the same 
pair of grandparents as myself The chance that the offspring of two grand- 
parents will both receive a parucular chromosome from one of them is one 
in eight Ilcnce, it I am myself a carrier for albmism, the odds m favour 
of marrying another carrier would be nearly nme times greater than if I 
married someone who was not related to me 

About a dozen of these recessive condiuons are now well established One 
IS an eye disease, called retinitis pn^mentosa Amaurouc family idiocy and 
)uvcmle amaurouc idiocy are two other examples These are famihal diseases 
in which symptoms of arrested mental development are associated with 
physical degenerative changes in the central nervous system and eyes Death 
preceded by wastmg takes place m one durmg infancy and m the other 
about the age of puberty If two parents produce an amaurouc child, ±e 
odds arc that one-half ot their offsprmg will carry the gene and one-quarter 
will exhibit It It IS difficult to justify the English law which does not permit 
such parents to avail themselves of a very simple operauon to prevent the 
further spread of the unwelcome genes which are responsible for these two 
formidable and at present qmte incurable diseases On the other hand, the 
advantages of stcnlizauon as apphed to diseased people can be greatly 
exaggerated Sterilization of the individuals directly affected is often 
undertaken by nature All amauroucs die before they can propagate 
their kind The fact is tliat selecuon ehminates rare recessive coniuons 
very slowly If all albinos were stcrihzed m every generauon it would 
probably take several centuiies to reduce the mcidence of albinism to half 
Its present dimensions 
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Recessive genes borne upon the sex chromosomes are easily recognized 
by the fact that recessive females are much rarer than recessive males 
Red-green colour blmdness is a case of this type of inheritance Colour- 
bhnd males are at least ten times as common as colour-bUnd females 
Recessive genes known to be located on the sex chromosomes are more 
numerous than all the recessive genes at present known to be located 
on the remaimng twenty-three pairs of human chromosomes Perhaps 
this is because the pecuhar type of inheritance to which they give nse 
attracted medical mterest more than a century ago m connexion with 
the study of haemophilia There is a stram of haemophilia m the Royal 
Houses of Europe No eugemst has pubhely proposed sterilization as a 
remedy for defective kmgstup 


PATERNITY TESTS 

The tendency of traits to suck together m the same pedigree has made it 
possible to construct maps of the chromosomes m animals and plants 
(p 1003) All the distmguishable genes of the frmt fly and the sweet-pea can 
be assigned to their respective chromosomes and to a particular locus relative 
to other genes on the same chromosomes as themselves Most of the genes 
whose manifest elfeas are easy to distmgmsh m human beings are rare It is 
tlierefore exceedingly unlikely that we should encounter two m the same 
pedigree For this reason the possibihty of constructmg a chromosome map 
of the human species seemed quite fantastic ten years ago 

Today the prospects are very hopeful The possibihty of domg so has 
emerged from the study of the blood groups 

The discovery of the blood groups which are now used m testing patermty 
was made m connexion with the practice of blood transfusion This is some- 
times necessary after severe haemorrhage When it was first undertaken the 
results were enigmatic Sometimes it was beneficial, sometimes followed 
by collapse The blood of the recipient might become curdled The circula- 
tion was obstructed It slowed down and soon ceased The danger was 
removed by the discovery that clumping of blood corpuscles may occur 
when blood from different mdividuals is mixed in a tube From this pomt 
of view the blood of some mdividuals is mcompatible with that of others 
Individuals can thus be classified m groups according to their compatibihty 
Provided the test has shown that the donor’s blood is compatible with the 
blood of the reapient, all is well 

It IS easy to separate the red cells of the blood from the clear fluid (scrum) 
left after normal coagulation by means of a centrifuge Red cells m sahne 
solutions cannot be made to clump by adding serum from blood of the 
same individual They wiU often do so if serum of another mdividual is 
added This shows that the clumpmg of the blood cells depends on a reaction 
between substances “agglutmable” m the corpuscles and agglutinating sub- 
stances (agglutinins) m the serum of another mdividual There are two of each 
of them If an mdividual has both agglutinms, he can have neither of the 
agglutmable substances If he has both the latter he can have neither of the 
agglutimns If he has one of the agglutinins he can only have one agglutmable 
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substance, the one which does not react with it Qassification of all possible 
types of reaction between sera and red cells of different persons shows that 
there are only these four classes 

Class A has an aggluunable substance A and an agglutinin h Qass B Has 
an agglutinable substance B (which reacts with b to produce clumping) and an 
agglutinm a (which reacts with A to produce clumpmg) Hence mdividuals 
belonging to group A are mcompatible with mdividu^s belongmg to group B 
A third group is called group O because its red cells will not clump when 
treated with scrum of any mdividuals It has no agglutmable substance Smce 
Its serum will make the red cells of group A or group B clump, it has both 
agglutinms a and h A fourth group called AB has red cells which clump 
when serum of individuals belongmg to any one of the three other groups is 
added to them The serum of mdividuals who belong to this group will not 
produce clumpmg of red cells from mdividuals of any group Thus it contains 
neither a nor b 

Partly because relatives are often willmg to act as donors when transfusion 
is necessary, simple rules of inheritance were detected at an early stage m 
the study of blood groupmgs Tests on over quarter of a million mdividuals 
and over five thousand famihes have now been placed on record So our 
knowledge about the genetic basis of the blood groups is comparable to our 
knowledge of inheritance m animals which can be kept for experiment The 
foUowmg rules have now been estabhshed (a) if both parents belong to group 
O all the offspring belong to group O, (b) if one parent belong to group O 
and the other belongs to group AB, the offsprmg belong either to A or to B, 
(c) if one parent belongs to A and the other belongs to B the offsprmg may 
belong to any of the four groups, (d) if one parent belongs to group A and 
the other belongs to either group O or to group A the offsprmg must belong 
to A or O, (e) if one parent belongs to group B and the other to O or B, the 
offsprmg must be B or O, (/) if one parent is AB and the other either A or B, 
the offsprmg cannot belong to group O 

For various reasons, which cannot be stated bnefly, the few exceptions 
to these rules are due to the faa that biological and legal paternity do not 
always comcide Hence blood tests can sometimes be used to show that a 
parucular male is not the parent of a child For mstance, a male belongmg 
to group O cannot be the father of a child who does not belong to group O, 
it the child’s mother herself belongs to group O If the child belongs to group 
A, his father must have belonged to group A or to group AB Needless to 
say, the fact that his putauve father does belong to one of these two groups 
would not prove that he was the real father It merely proves that he may 
have been In certam circumstances a test of this kmd may prove that an 
individual is not the father of a particular child It can never prove that 
he IS 

All the rules stated may be cxplamed by regardmg group O as the basic 
stock m which two dommant mutations have ansen mdependently at the 
same locus R on the same pair of chromosomes One dommant gene A is 
responsible for the manufacture of the agglutmable substance A and the 
ehmmation of the agglutinm a The other dommant gene B is responsible 
for the manufacture of the agglutmable substance B and the elimmauon 
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of the agglutmin h Thus the geneuc formula for group 0 is RR, lor group A 
It IS AA or AR, for group B it is BB or BR, and for group AB, it is AB 

Recent research has led to the discovery of other blood groupmgs based 
on the compaubility of human blood with that of vanous animals which 
have been previously immunized to the blood of other mdividuals If 
blood-group testmg were carried out m all records of chmral pedigreec, 
It would be possible to ascertam whether rare genes responsible for diseases 
hke amaurotic idiocy or night blindness reside on the same chromosomes 
as the three genes of the blood groups People have now been classified for 
their reactions to immumzed sera of other species It has been shown that the 
genes mvolved m one such system of blood groups are not located on the 
same pair of chromosomes as the three genes of the A and B blood groups, and 
there is a very hopeful prospea that we shall soon be able to test for a blood 
groupmg referable to every one of the twenty-four pairs of human chromo- 
somes Recently it has been shown that about a quarter of the population are 
mcapable of tastmg a group of substances alhed to the orgamc compound 
called phenyl-thiourea This substance is exceedmgly bitter to those who can 
taste it Ability to taste is determined by a smgle dominant gene About as 
many people have the dominant gene as lack it Like the blood-group test, 
this reaction may play a part m the mappmg of the human chromosomes 

HEREDITY AND SOCUL BEHAVIOUR 

Several defects of neuromuscular organization, such as amaurotic family 
idiocy^ all of them associated with detectable physical symptoms, are m- 
cluded m the hst of estabhshed diseases which depend on a gene difference 
which IS recogmzable m all customary conditions of development When 
the geneticist is confronted with a discontinuous character which only 
manifests itself m special circumstances, his first fine of attack is to find 
out everything he can about how nurture controls its appearance 

There is a mutant of the fnnt fly which is deformed m the hmdmost part 
of the body It is usually referred to as “abnormal abdomen ” Flies of the 
pure mutant stock regularly exhibit the deformity when grown m moist 
cultures They are perfectly normal when grown m a stale dried-up culture 
So long as the experiments are earned out m fresh cultures, matings with 
wild-type stock yield numerical rauos m keepmg with the supposition that 
the difference between the mutant stock and the wild type is due to a smgle 
gene subsutution If the cultures are allowed to become stale and dry, no 
consistent numerical results can be obtamed for an obvious reason Had the 
geneucist no means of preventmg his cultures from drymg up, he would 
have to confine his counts to larvae which hatch out while the culture is still 
moist 

A type of feeble-mmdedness known as mongohsm provides an example 
of how medical science can apply a similar method Mongols rarely have 
young mothers A high percentage of mongols have mothers about forty 
years ol age or more Smee the genetic consutution of the mother is not 
affeaed by her age, the environment of the womb must have somethmg 
to do with whether an mdividual is a mongol By studymg famihes bom 
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after the mother has passed a certam age, Dr Penrose has been able to show 
what part heredity plays m produemg mongolism 
Mongohan idioq^ is assoaated with well-defined physical charactensucs, 
to some of which it owes its name So far the comparison of pedigrees con- 
taining feeblc-mmdcd or mentally deranged mdividuals with no distmctive 
physical stigmata has not yielded mformanon which satisfies any numerical 
critena based on genetic theory This may be because the occurrence of 
imbecihty and lunacy is due to a combination of genes too complex to detect 
without recourse to experimental matmg which is impracucable It may be 
because a particular combination of genes and a particular kind of environ- 
ment are jomtly responsible for produang them 
Of Its very nature soaal behaviour depends on an environment complex 
which cannot be standardized Individual differences of soaal behaviour, as 
we observe them, are generally differences to which differences of environment 
and gene differences jomtly contribute When differences of environment and 
differences of gene equipment jomtly contribute to observed differences 
between human beings it may be that the responsible genes are rare (or are 
mainly confined to a small group of people), while the conditions of nurture 
on winch their detection depends are relauvely common Heredity is then 
the more significant source of variation Conversely it may be that the 
responsible genes are widely distributed m the population, while the relevant 
conditions of nurture are rare or very unevenly distributed The more 
important source of vanauon then resides m the environment In this 
sense we are entided to ask whether nature or nurture is the most important 
agency which determines mdividual differences The quesuon can be in- 
vestigated on a statistical scale when it is not possible to find out which 
decides the fate of a particular individual Of several methods which can be 
used the three most important ones are (a) the method of twm resemblance, 
(6) the method of adoption, (c) the method of consanguimty 

The method of twm resemblance was first suggested by Galton Partly 
because the pertment faas were not fully estabUshed and partly because 
there were msufiiaent endowments to support large-scale research, it has 
not been applied extensively all recent years Embryological research has 
shown that w'hen mammals produce several offsprmg together the same 
result may be produced m different w'ays Most speaes have fitters of several 
offspring because several egg cells are set free mto the womb when the 
mother is on heat A few muluparous species liberate only one egg at a 
time The mass of cells produced from the feralized egg then splits at an 
early stage of development to form several embryos When mulaparous 
pregnancies occur m human bemgs and m cattle either process may be 
responsible Hence human twms are of two kmds Identical twins, bemg 
descended from the same fertilized egg, have the same set of genes and are 
necessarily of the same sex Fraternal twms, bemg descended from different 
eggs, have sets of genes which are no more alike than those of ordmary 
oftsprmg of the same parent Such twms may be of like sex or unlike sex 
They can now be distinguished from the other type by reliable tests 
This fact may be used to mvesDgate the relanve importance of nature 
and nurture in two ways We may compare the degrees of similarity shown 
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by identical tivons, fraternal twins, and ordinary “sibs” (brothers or sisters) 
brought up together in the same family, and we may compare the resemblance 
of identical twms reared apart with that of identical twins brought up 
together If identical twins are decidedly more alike than fraternal twins in 
the same family, we may conclude that heredity plays a large part m decidmg 
the difference between mdividual members of a single family If fraternal 
twms are decidedly more alike than ordmary sibs we may conclude that the 
differences of environment to which children of different ages, brought up 
in the same family, are exposed, play a large part m deciding the characteristics 
of individual members Since the environment of a family at one social level 
may be very different from that of a family at another, the discovery that 
heredity is the chief agency which decides what the characteristics of different 
members of the same fraternity will be, does not necessarily imply that it is 
the chief agency which decides differences between mdividuals belonging 
to different social classes, races, or rehgions This can be settled by comparmg 
the degrees of similanty shown by identical twms reared together and 
identical twms reared apart m totally different social circumstances It happens 
when tliey are adopted at birth, because their parents die or desert them 

The practice of adoption can also be used m another way If true sibs 
reared together are decidedly more ahke than true sibs reared apart, or if 
foster sibs are more alike than pairs of individuals taken at random from 
similar homes, differences of home environment may be mferred to play 
a decisive role 

A third method of mvestigatmg the role of nature and nurture depends 
on the theory of mbreedmg Inbreeding results in separating pure stocks 
from a hybrid population Hence it mcreases the amount of variety It 
is not difficult to see that this is true where the number of genes mvolved 
IS small The reason for it is the same as the reason for the high proportion 
of albinos whose parents are first cousms Hence a high measure of variability 
among children whose parents are consanguineous, when compared with 
children whose parents are not related, pomts to the mfluence of nature 
rather than of nurture 

These methods of attack have been elaborated withm the last twenty 
years That they have been apphed to the study of comparatively few aspects 
of man’s social behaviour is chiefly due to two circumstances The first is 
the persistence of the stud-book mentality The overwhelming ma)ority of 
pubheauons ostensibly dealing with human heredity are collections of 
pedigrees The analysis of pedigrees can supply useful information when 
the data supphed by them sausfy numencal tests suggested by the known 
behaviour of genes The fact that they pass the tests justifies the suggesaon 
that ordinary differences of environment do not mterfere with the expression 
of the gene difference, and ±e conclusions drawn from them are then irre- 
sistible When the data supphed by pedigrees fail to do so we are in doubtful 
temtory, and the more so when we are studymg social characteristics such as 
temperamental traits and intellectual performance, which are known to 
demand certam hmitmg circumstances of upbrmgmg The stud book is a 
rehable guide to the mbom quaUues of pedigree cattle, because the farmer 
anns at equahzmg the environment of mdividuals selected for parenthood 
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For two reasons it is not a reliable guide to the contribution which heredity 
makes to differences of behaviour One is that the human family transmits a 
certain soaal tradition, i e a particular sort of environment as well as a certain 
equipment of genes The other is that equahty of environment is not yet 
the recogmzed goal of social orgamzation, least of all by most eugemsts 
The stud-book method is used because those who profess to accept the 
stud farm as a model for human betterment shrink from promoting the social 
arrangements which would make the analogy perunent to the circumstances 
of social life 

Another serious obstacle to progress is the paucity of methods for measurmg 
and describmg differences of social behaviour A beginmng has been made 
with the mtelhgence tests of Bmet, Terman, Burt, Spearman, and others 
When people apply the word intelligent to a person they do not mean some- 
thing as defimte as black, freckled, or mtoxicated This does not imply that 
no useful meamng can be attached to the word intelligent as a description 
of the charaaenstics of human bemgs Different observers can arrange a 
group of mdividuals m a scale of what they call greater or less mtelligence 
They can then see whether their arrangements tally and whether it is possible 
to devise some independent test by which the same group can be arranged 
m a way which corresponds fairly closely with mdependent estimates based 
on personal impressions This is what an mtelhgence test does Extensive 
and careful statistical researches have been undertaken to devise a scale which 
will record what is common to the vanous ways m which people use the word 
mtelhgenty when they apply it to the soaal behaviour of children and adoles- 
cents It does not necessarily follow that the mtelhgence tests give a just 
measure of all that we commonly mean by the adjective mtelhgent when we 
apply it to adults Probably the mtellectual performance of adults depends 
quite as much on temperamental characteristics ordmarily described by 
alertness, persistence, curiosity, or a sense of humour as on the type of facility 
which mtelhgence tests assess Hence proposals to limit educauonal facihues 
to children who get high scores m such tests are exceedmgly dangerous 
It IS never suggested that the educauon of the prosperous classes should be 
limited m the same way So the pohucal motive is not far to seek 

The great advantage of the tests on which such scales are based is that 
they yield very constant results for the same mdividual exammed on suc- 
cessive occasions, if the mtervenmg period is short They also give fairly 
constant results for the order of mdividuals withm a group when it is tested 
successively over a period of several years What is important for our purpose 
IS that we now have a method of describmg one aspect of human behaviour 
with some precision and rehabihty It can be passed from the hands of one 
observer to another So we can pool the results of mtelhgence tests as we 
could not do if we had to rely on any customary scale such as teachers’ 
estimates, exammaaon results, or employers’ testimomals 

This means that the biologist can mvestigate to what extent differences 
of mtelhgence are associated with the fact th^t different children are bom 
with different genes, and how far the manifestation of such gene differences 
IS independent of maternal health m pre-natal existence, other conditions 
of uterine environment, a poorly nourished body, over-indulgent parents, 
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over-beanng brothers and sisters, sympathetic teachers, and an infinite 
variety of other circumstances which distmguish the physical and social 
environment of one mdividual from another The most definite conclusion 
which has yet been reached is that the average differences between the 
intelhgence quotients (IQ) of identical twins brought up together are small 
in companson with average differences between mtelhgence quotients 
of fraternal twms brought up together In fact they are no larger than 
average differences between successive tests on the same individuals 

While this shows the influence of heredity on differences between 
individuals who enjoy the benefits of the same home environment and 
the same utenne environment, it does not tell us anything about indi- 
viduals who belong to famihes at different social levels Identical twins 
reared apart are difficult to find, and the soaal machinery of adoption usually 
places them in homes at the same social level The fragmentary evidence 
available shows that the average IQ difference of 10 pairs of idenacal twms 
reared apart is 7 7 points The average IQ difference for fraternal twins 
reared together is only 8 4 points If we had a large sample of idenacal 
twins reared apart in homes at different social levels the difference might 
well be greater than 7 7 Even so, tlie ciazen may judge for himself whether 
scare headhnes about the dechne of the naaon’s intelligence belong to the 
province of science 

In the Middle Ages the advance of physical science was held in check 
because Cathohcism refused to countenance any challenge to its intellectual 
pretensions Today the advance of human genetics is held back because 
the prosperous classes refuse to tolerate any challenge to their intellectual 
privileges The natural mission of the middle class or of the Aryan race has 
now replaced the divme mission of the Church militant There is no need 
to ransack Nazi publicadons for illustraaons of a temper which exists else- 
where In the ofl[iaal organ of the Enghsh Eugenics Society which he rightly 
remarks “has always been espeaally interested” in “that poraon which is 
popularly called the upper and middle classes,” an English biometncian, 
also a prominent eugemst, propounds the quesuon “who are the middle 
class?” The answer he gives is this* 

In consequence of this selecdve process this class has necessarily become 
differenaated m certam hereditary respects from the general body of the 
populaaon from which it is contmually recruited In the case of mtelhgence this 
difference is readily demonstrable by applymg the psychological tests to the 
children of different occupauonal groups But we should be altogether mis- 
taken if we took It that the only important difference lay m mtelhgence There 
must be at least a dozen other psychological characters of importance governing 
self-control, ambiUon, judgment of character, aesthetic taste, foresight, grasp 
of moral principle wheh have been at least as influenaal as mtelhgence in 
guidmg the process of social promodon durmg the last two centuries of which 
our class is the product 

Perhaps no better word than grasp could have been chosen for this context 

When human gencacs is subsidized to advance the fullest use of human 
talents without regard to social class, it may be possible to detect and measure 
raaal differences of mtelhgence dependmg upon differences of genetic 
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constitution One difBculty of treaUng group differences of this kind in a 
genuinely scientific temper will be less when psychology can equip biological 
research with a sufficient variety of similar methods for the precise descrip- 
tion of other aspects of social behaviour One can assert that deaf-mutism is 
commoner among Jews than among Gentiles without incurring the charge 
of anti-Semitism With so many diagnosable physical ailments to choose from, 
It is possible for normal people to discuss the occupational or raaal distnbu- 
tion of any smgle disease of the body without assummg a tone of impudent 
superionty No smgle race, class, or nation has the monopoly of all the 
virtues 

Hitherto the only social impetus to the study of human genetics, espeaally 
in so far as it is concerned with the part played by heredity m social behaviour, 
has come from proposals for restricting educational expenditure and pubhc 
money spent on mstitutions for the care of its defective members, from 
policies concerned with ruthless exploitation of backward peoples, and from 
the psychological frustration which has accompanied the acceptance of 
sterility as the cardmal virtue of the middle classes The eugemc movement 
has recruited its members from the childless rentier-twentieth-century 
bourbons who have earned nothmg and begotten nothing Its voluptuous 
insistence on mutilation as the goal of apphed genetics has borne frmt m no 
outstanding discovenes Human genetics has not yet discovered an mcentive 
sufficient to guarantee its further progress It will not do so while the selfish- 
ness, apathy, and prejudice which prevent mtellectually gifted people from 
understanding the character of the present cnsis m civilization remams a 
far greater menace to the survival of culture than the prevalence of mental 
defect in the techmeal sense of the term 

This does not mean that the study of human inhentance is unimportant 
On the contrary it has everything to gam by out-growmg the castration 
complex With the prospect of a spectacular declme of population m the near 
future constructive statesmanship will be more and more preoccupied with 
ways and means to encourage parenthood Consequently it be less and 
less favourable to drastic proposals for sterilizmg the harmlessly unfit For the 
same reasons it will be more and more committed to an active policy of 
preventive medicine As part of an active pohey of preventive medicme the 
future of human genetics is assured No commumty is likely to sterilize 
people who suffer from frontal smus infections, or to subsidize research which 
leads to the conclusion that people who suffer from smus infections should 
necessarily be sterilized What makes it important to know everythmg which 
can be found out about the contnbution of heredity to such diseases is that 
if we have such knowledge we can forewarn people who are hable to contract 
them agamst exposing themselves to the dangers of infection So long as 
sterilization is the goal of human genetics, its scope must be limited to the 
study of comparatively serious disorders As a department of preventive 
medicine it embraces the whole field of disease 

Analogous remarks apply to education Eugemsts are never tired of talkmg 
about the “waste’* ot expenditure on those who are “by nature” unable to 
benefit from it Naturally this does not engage the sympathy of educatiomsts 
who take their job seriously Nor does it enhst the support of mtelhgent 
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aozcns, who realize that no soaety is safe m the hands of a few clever 
people If knowledge is the keystone of intelligent citizenship, the fact 
that many people do not benefit from existing provisions for mstrucuon 
IS less a cnticism of themselves than a crmasm of educational machinery 
The possibihty that heredity plays a large part m such differences is 
only relevant to pubhc expenditure, when we have already decided 
whether we want more or less education We do not need biologists to 
tell us that any subject can be made dull enough to defy the efforts of any 
but a few exceptionally bright or odd mdividuals By exploring individual 
differences human genetics might help us to find out how to adapt our 
educational technique to mdividual needs It will do so, and gam prestige 
m consequence, when it ceases to be an apology for snobbery, selfishness, 
and class arrogance 
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EPILOGUE 


THE NEW SOCIAL CONTRACT 

Two questions assert themselves as we take leave of one another One is 
whether the present tempo of scientific progress will contmue, or whether 
we are livmg in the twihght of a culture to be followed by dreary centuries 
of commentaries and imitators The other is whether the bulk of mankind 
will reap the benefit of the new powers and mventions which advancing 
scientific knowledge has placed at our disposal, or whether the vast destruc- 
uve instruments which it has also created will be used by power-seeking men 
to destroy any inunediate hope of a bnghter future for the human race To 
the extent that our own conduct can contnbute to the answers we give they 
are not unconnected Science for the Citizen began with a quotation in which 
the great German chemist Liebig declared that '‘only the freeman has a 
disposition and mterest to improve ” Inescapably it ends on the same note 
The further progress of science depends on how far the scientific worker 
and his fellow citizens co-operate with one another in appl>mg scientific 
knowledge to the satisfaction of the common needs of manlond 
Before discussmg the first question it is important to clarify a distmction 
which IS commonly taken for granted The separation ot human societies 
mto social classes which enjoy abundant leisure, or are deprived of it, has 
encouraged a superficial and arbitrary division of science mto two branches, 
pure and applied Accordmg to a view which has survived from the time of 
Aristotle, pure science is science sought for its own sake Its sufficient justi- 
fication IS the individual satisfaction it brings to those who are m the fortunate 
position to pursue it In contradistmction to pure science, so defined, apphed 
science is science adapted to the discovery of material amemties which 
benefit mankind in general or those who patromze tlie pursuit of it The 
sense m which science is worth studymg for its own sake has been discussed 
at length elsewhere (p 736), Here we may content ourselves with a single 
comment which has been emphasized repeatedly in what has gone before 
From the craftsmen navigators of the Mediterranean m the seventh century 
B c to the researches of Pasteur on silkworm disease, science has advanced 
conspicuously when it has been actively m contact with the world’s work 
From the astronomer priest of Gizeh to the pnestly astronomer of the Gifford 
Lectures, science has dechned when it has taken refuge m prophecy The 
veritable orgy of pubhcity with which the Press Lords have rewarded astro- 
physical extrapolations is the proper corollary of the proposal for a mora- 
torium on scientific mventions 

Science is not cosmic prophecy* True science, m the words of Robert 
Boyle, is such knowledge “as hath a tendency to use*’ A scientific law 
embodies a reape for domg somethmg, and its fiinal vahdification rests m the 
domam of action. The immense confidence which certam saentific generaliza- 
tions rightly command depends on large-scale opportumtics for testing their 
capaaty to bear fruit m the commonplace activities of everyday life Specu- 
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lative extrapolations concerning the age of the universe change from day to 
day as astronomical knowledge advances, and we should be justified m 
treating astronomers with the same suspicion as pohticians if the credentials 
of astronomy had no firmer basis Our rehance on astronomy is justified by 
the faa that it provides the fanner with a calendar of the seasons, the fisherman 
with a table of tides, the statesman with a map, the Umon Castle Lme with the 
means of navigatmg a ship mto port, and the Munster of Transport with fines 
from motorists who fail to hght up after civil twihght ends The only vahd 
distinction between pure and applied research m natural science hes between 
inquiries concerned with issues which may eventually and issues which already 
do anse in the social practice of mankmd Consequently, the pure scientist 
knows that he has everything to gam from encouragement of apphed research, 
and if the last survivors of Darwm’s generation stdl murmur doubts about 
Mendelism, the experimental geneticist goes on his way serenely confident 
that the Feathered World will contmue to advertise day-old sex-linked chicks 
or that rabbit furriers now know how to make pure lilac from blue beveren- 
chocolate havana crosses, or how to fix “Rex” on any colour pattern m two 
generations 

Pure and apphed science are not mdependent soaal phenomena They are 
inextricably related as shoot and root m the process of healthy growth 
Growing science is the umty of theory and practice Without its roots firmly 
planted in the moist soil of social practice the green shoot of pure saencc 
withers and becomes the dead tni^ of metaphysics Without the aspinng 
shoot of theory sustaimng it with the nutriment of au and sunhght, the root 
of applied science degenerates into the dry wood of empincal repetition 
This IS no new truth, nor paradox It has been stated and restated anew 
m every age of rebirth Hear, for instance, Su Wilham Petty m whose rooms 
the Invisible College held its first meetmgs 

Hmdrance of the advancement of learmng hath beene because thought, 
theory, and practice, hath been always divided m severall persons, because 
the ways of learmng arc too tedious for them to be joyned And whereas 
all writings ought to be descriptions of things, they are now onely of words, 
books know little of things, and the practicall men have not language nor method 
enough to describe (them) by words 

The superficiality of this duahsm, which we perpetuate m our umversities 
and technical colleges to the detriment of both, may be illustrated by revert- 
ing to another metaphor used elsewhere Science is not a photograph of the 
real world It is a map, in which mountams, nvers, and valleys are vanously 
colour^ not to represent their actual tints, but because the colours can give 
us useful directions It is one thmg to say that a disciphne can only rank as 
genmne science when it can also supply us with reapes for the practical 
conduct of affairs, and it is another to say that sacntific research is and must 
always be confined to topics of immediate social value If you have to build a 
railway you need a map It is obviously superfiaal to draw a sharp distmcGon 
between the work done m mappmg the actual track traversed as useful work 
in contradistinction to all the useless work of mappmg the pan of the temtory 
over which no rails are laid down One reason is that you cannot know what 



Epilogue 1079 

you will have to scrap nil your task is finished Another is that the existence 
of the railway may make it necessary or desirable to have a water supply, 
town, or sanatorium m the vicimty What is easily overlooked is that the part 
of the map where no rails are laid down, where no town is built, where no 
wells are tapped, and where no sanatonum is erected would not have been pros- 
pected unless there had first been a definite social reason for constructing the map 

Among the few who reahze ±e vast expense at which modern scientihc 
work IS conducted some will here put forward an objection such as this 
So far, so good We recognize that the average citizen, still less the average 
capitahst, will not be induced to subscribe voluntarily, or from taxation, to 
the upkeep of scientific research, unless he foresees the prospect of some 
matenal benefit We recogmze also that theoretic il advances often arise as 
a by-product of research conducted in tins way What we assert is that the 
social value of knowledge is not exclusively circumscribed by its material 
rewards, and that socially useful knowledge which confers no matenal benefits 
is necessarily nursed by the existence of a class with leisure to occupy them- 
selves with Its pursuit Although it is not often stated, this embodies a view 
which IS held by many thoughtful citizens 

As did Lucretius, the writer of this book believes that one of the benefits 
science bestows, and not the least of them, is to liberate mankind from the 
terror of the gods Scientific knowledge gives us the means of planning for 
plenty and also helps to free us from habits which prevent us from doing so 
The dividmg Ime between progress m science and progress m morals is not 
clear cut Our moral attitude towitch-burmng(ChapterVII)is not unconnected 
with advancing scientific knowledge of chemistry, and advancing scientific 
knowledge of medicme (Chapter XVI) is not unconneaed with social mores 
concerning the health of the masses So the social use of science is not 
exhausted by material welfare, as the term is ordinarily defined In the words 
of Robert Boyle we are not entitled to expect that the ‘‘goods of mankind 
will be much mcreased” by the archaeologist’s “msight into the trades ” 
None the less, lack of archaeological knowledge may prevent us from using 
“the naturahst’s msight mto the trades,” or from continuing to exist long 
enough to use any sort of knowledge at all A httle mstrucUon in elementary 
archaeology would have made it far more difficult to spread the doctrines 
which have been used to bolster up the present war madness of Central Europe 
The view stated m the preceding paragraph therefore deserves sympathetic 
attention 

It is always wiser to be guided by the experience of the human race than 
to be circumscnbed by the hmitations of our reasoning and imagmative 
endowments. Before we are driven to conclude that essential unity ol theory 
and practice m saentific progress apphes only to such branches of positive 
knowledge as mimster to man’s matenal needs, we should therefore be 
guided by the history of sciences which do not conspicuously do so In the 
hght of current events archaeology claims a promment place among the 
latter It is therefore mstructive to ask m what circumstances the science 
of archaeology advances We have, m fact, a noteworthy illustration ip our 
own generation. The search for new mutations as a basis for selective stock 
or crop improvement is now based on outbreedmg to wild populations which 
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have not been exhausted by previous selection In connexion with its plans 
for increased cereal production the Soviet Union recently financed the 
most ambitious scheme of archaeological research yet undertaken The 
objective of this expedition, in which the geneticist Vavilov played a leading 
part, was to ascertain the focal locahties of cereal origins 

It would be unwise to cite the grandiose scale of this mqiury as an isolated 
case So we may also recall the circumstances which gave birth to Egyptology 
Our knowledge of the early history of Egypt begms with the Rosetta stone 
For long the mscnptions m picture-wntmg on Egyptian tombs were an 
impenetrable mystery to which classical hterature furmshed no clue The 
Rosetta stone of basalt stele, 3^ by 2 J ft m size, was mscnbed with a decree 
of Ptolemy V m hieroglyphics, demotic and Greek By all appearances it was 
like the trilmgual notices which are often seen at money exchange bureaux in 
ports, and ±e Greek version therefore provided the key which eventually 
enabled Champolhon to decipher the script of pnestly Egypt It was dis- 
covered m 1799, and completely elucidated m 1^1, smce when a new field 
of historical science has been explored 

The discovery of the Rosetta Stone was the result of an expedition in 
which science was faced with a new and imperative social demand The 
story of the expedition m which Napoleon was accompamed by a veritable 
galaxy of French scientific men, including Founer, the mathemaucian, to 
survey the country, with BerthoUet, the chemist, to study the Nile munda- 
tions, is told by A G Macdonell {Napoleon and His Marshals) 

The wreckage of dead Admiral Bruix’s Lme of Battle was still drifting m 
the Bay of Aboukir when Bonaparte flung himself buoyantiy mto a thousand 
details of orgamzation Nme days after the news of the Nile he was estabhshing 
the Institute of Egypt m Cairo, acceptmg its vice-presidency under presi- 
dency of the great mathemaucian Monge, and setung a number of little 
problems to the savants at their first session (A new regime was beginning, 
under which even professors had to mingle the practical with the abstract ) 
“Can the bakmg ovens of the army be improved?’* he demanded of the men 
of science? Could any subsutute tor hops be foimd for the brewmg of beer? 
Was the wmdmill or the water-mill the more suitable for millin g at Cairo? 
How could the army estabhsh a powder-factory, and did Egypt possess any of 
the mgredicnts for the manufacture of gunpowder? On the less utihtanan side, 
the dcmomacally energetic Commander set the professors to work to study 
and measure nuns, decipher hierogl 5 rphics, and make drawmgs of statues It 
was mconvement that Nelson should have destroyed the French fleet, and 
severed all communicauons between 40,000 Frenchmen and France, but that 
was no reason why the Sphinx should not be measured, the Rosetta stone deci- 
phered, the land surveyed, the soils analysed, and the mundaUons of the Nile 
determined At Suez Bonaparte himself found the canal of Sesostris, half as 
old as time, and followed Mahomet and the great Saladm in signmg his name 
m the visitors’ book of the monks of Smai 

1 he quesuons which we have set ourselves m these concludmg comments 
can only be answered m a very limited sense The best answers we can hope 
to find for them are merely statements about the hmitauons which our own 
conduct imposes Beyond that, anythmg we might say would usurp the 



Epilogue 1081 

prophetic prerogatives of the astronomer pnests and the pnestly astonomers 
To our first question, whether science will continue to progress at the tempo 
of recent years, our narrative has already supplied two such reservauons 
If the physiast capitulates to the frozen patents of monopolistic capitahsm 
and seeks refuge from reality m speculations about the future of the umverse 
five inilhon milhon years hence, if the geneticist accepts the lop-sided 
mechamcal technology of today and is content to culture his fruit flies in 
the laboratory, cut off from the urgent problems of crop and stock, if our 
biologists use their knowledge to concoct mgemous excuses to defend educa- 
tional privileges and imperialistic exploitation of backward cultures, physics 
and biology will lose the dnvmg force which saence has always derived from 
living contact with the world’s productive work, and the satisfaction of man’s 
common needs If the chemist devotes his ingenuity to making gases and 
sprays to bhnd and suffocate the inhabitants of great cities, and bacteriologists 
consent to spread plagues to infect the reservoirs and stock of enemy popu- 
lanons, the survivors of our civilization will declare that our saence has 
exacted too high a pnce for its benefits Even if science and avilization do not 
perish together, both will suffer a heavy setback for many years to come 

Happily there is much to encourage us m the hope that scientific men in 
democratic coimtries are awakenmg to a new sense of responsibihty which 
recalls the social outlook of the founders of the Royal Society, when they 
drew up the Heads of Enquiry Many arcumstances have conspired to the 
same end It is becoming mcreasmgly evident that capitalism as an economic 
system has lost the mitiative of its youth and that m many departments, 
especially and most obviously m the development and application of bio- 
logical Imowledge, science can only look to pubhc enterprise for further 
encouragement Beyond this looms the shadow of dictatorslup To an extent 
which would have been difficult to have foreseen, the professional conscience 
of the scientific world has recoiled from the wholesale expulsion of scientific 
workers by Hitler’s regime Twenty years ago few would have believed it 
possible that the American Association of Saence would take the lead in 
endorsing the Calder plan for a world umon of scientific workers in demo- 
Lratic countries 

We rum now to our second question, the immediate prospects for extending 
the benefits of science to the service of mankind This is not a primer of 
politics, and it would be immodest of the author to attempt a complete 
analysis of the impediments which prevent us from rcahzing the new 
potentials of social well-bemg, except m so far as problems which perplex the 
citizen of today are specially relevant to its theme In some of what will be 
said subsequently the wnter is drawmg what he beheves to be inescapable 
conclusions from the record of scientific progress Elsewhere opinions 
adv^anced are those of one fellow citizen communmg with another 

During the past century scientific knowledge has created new potentials 
of social orgamzation vastly m excess of anythmg for which the pohtical 
education of mankind is prepared Seventy years ago it was still possible 
to discuss whether poverty was morally tolerable or materially inevitable 
It was Still possible to discuss whether war was spiritually edifying or soaally 
escapable All this is changed Poverty m the sense in which it was then 
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defined, the sense m which the word is intelligible to the SObial biologist, js 
not materially inevitable The only obstacle to removing it is lack of social 
initiative War is not a moral picnic It threatens to destroy the entire fabric 
of our civihzation, if we do not eradicate it with as much promptitude and 
ruthlessness as we have eradicated, or arc eradicating, smallpox, malana, and 
yellow fever 

While composing this epilogue, which was wntten as an afterthought, the 
writer came across ±e followmg headlmes in a current issue of the I ondon 
Dat/y Telegraph 

30 PER CENT OF COFFEE CROP TO BE DESTROYED TONS 
DUMPED IN SEA OR BURNT DOOMED CARGOES GUARDED 
BY POLICE 

The average citizen is getting accustomed to this sort of thmg Daily he 
hears of coffee crops destroyed, cotton crops burned, wheat thrown over- 
board He knows, or he half knows, that saence has created this abundance 
If he can be satisfied with a myth, the myth itself must have the simihtude of 
science The leaders of German national sociahsm were astute enough or 
lucky enough to see this Their fake biology became a fashion because it was 
at least a little nearer to reality than the culture it supplanted It was not 
by self-admission anti-scientific hke so much so-called progressive thought 
in British pohtics With its Nordic nonsense, its neo-pagan charades, its 
medieval Jew-baitmgs, it had more topical vitahty than the moribund 
Mediterranean culture of its Liberal competitors, w^ch drew its material 
inspiration from the surplus wealth created by manacled slaves in the silver 
mmes of Attica From tins pomt of view the dangers which beset democracy 
in Britain are far greater than they are m America, m France or m Scandi- 
navian countries English pohucians are probably the most expensively 
uneducated class of people alive at the present day * 

In replacing human effort and crude natural products by inanimate power 
and synthetic substitutes mankmd has vastly mcreased the range of possible 
choice consistent with sausfaction of fundamental human needs This means 
that the cleavage between mere goodwill and knowledge is deeper than it 
has ever been before, and that an education which will fit statesmen to take 
advantage of the new powers for social well-being or fit citizens to choose 
thorn must be deeply imbued with naturahstic knowledge On this account 
the immediate outlook for constructive statesmanship m democratic countries 
IS not encouraging The parties identified with a humane and generous 
outlook on human relationships, committed to the advancement of peace and 
willing to promote the common ownership of industrial resources, rely for 
leadership on a legal and hterary intelligentsia tramed to think within the 
framework of property rights According as they are identified with a more 
or less extreme view, the problem as they see it is how to transfer existmg 
industries from private to pubhc ownership by confiscation or wath compensa- 
uon That many mdustnd operauons would soon become technologic^ ana- 

♦ Walter Elliot and Stafford Cnpps are conspicuous exceptions to the rule that 
lack of saenufic educaaon is the hallmark of the successful pobuoan 
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chromsms m the ordinary course of events does not enter their heads Sail 
less does the alternative pohcy of using the organized power of the community 
for the creadon of new mdustnes to hberate new technical resources which 
pnvate enterprise has failed to exploit In Britain the example of the BBC 
has shown that when pubhc enterprise takes creadve imuative, poUacal 
opposition is at a minimum 

German social democracy, which has now made way for the war-mongers 
of the Third Reich, was a political theory permeated with this false assumption 
that mdustnes last for ever What we have learned about the Impact of 
Science on Society in Chapters IX to XV has shown that no flourishing 
modem mdustry existed m its present form when the wood economy was 
approactung its completion during the middle of the eighteenth century 
It is but forty years since the first vehicle driven by an mternal combustion 
engme appeared on the streets, and it is not difficult to imagine the conse- 
quences of nationahzing the hansom-cab building mdustry in the early 
nineties Wc might have pubhshed to the world at large that our collectivism 
was more conservative than pnvate competition by prohibiting the import 
of motor cars, or we might have thrown the burden of winding up a bankrupt 
industry on the middle-class taxpayer On a large scale either pohcy might well 
have contributed to much the same result which we see m Germany today 
Thus one reflection prompted by our survey of the Impact of Science on 
Society IS this The primary task of constructive democratic statesmanship 
IS not to transfer property rights m existing mdustry from private to pubhc 
ownership It is to devise the machmery of soaal ownership to exploit 
new techmeal resources made available by State subsidized research (see 
pp 713-14 and 900) 

This IS not to say that no steps should be taken to secure social ownership 
of existing mdustnes This may be a means of supplying new techncal 
initiative, and constructive statesmanship will then seek the rational support 
of the citizen by advancing clear-cut proposals for doing so It may also be 
d means of averting temporary hardship to employees, and constructive 
statesmanship would then aim at a parallel pohcy for gradual absorption of 
the workers m newer mdustnes Techmeal progress demands a Chelsea 
hospital in which veteran mdustnes can die gracefully 

The power to shape the future course of events so as to extend the benefits 
of advancmg science knowledge for the satisfaction of common human 
need may now be ours m so far, and only m so far, as our conduct is guided 
by an understandmg of the impact of science on human soaety Durmg the 
latter half of the mneteenth century a powerful school of political thought 
was led to advance three mam conclusions from a study of the mfluence 
which changmg technology was then exerting on the soaal superstructures 
of the time One was that nations were becommg econonucally more mter- 
dependent A second was that skilled and pnviJeged workmanship and the 
standard of life of the employed classes as a whole would continue to decline 
The third was that the mihtant opposition of the employed classes to the 
existing economic system would continue to mcrcase On these conausions 
they based a social pohcy which has outhved the impulse to searching 
examination of current events from the same standpoint 
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As a descnption of dommant tendencies in the first phase of modern 
power production when steam was replaang water, no exception need be taken 
to the statements made above They make up a penetrating analysis of what 
was happemng m 1870, when such doctrines took root Steam navigation and 
telegraphy were speedmg up mtemanonal trade The old style craftsman 
was makmg way for the machine minder, and umversal schooling had not 
been mtroduced Radio and anema had not placed new mstruments for 
mouldmg mass opimon m the hands of Government, and there was as yet 
no popular Press 

Certain features which disungmsh the mitial and the present phases of 
modem power producuon have emerged m Chapters VIII, XII, and XIV 
The first phase began about 1780 Imually the owners of the larger industries 
were often men like Roebuck, Boulton and Wedgwood Themselves 
inventors or actively sympathetic to the advancement of talent, they partici- 
pated directly in the task of admmistration and truly contnbuted to the pro- 
ducuon of wealth by their labours The inventor and techmcal expert could 
still anticipate advancement leadmg to partnership, and lower managerial 
posts were filled by promotion from the general body of workmen This 
alluring picture has httle resemblance to the conduct of large modern 
industries In the second phase of power production, that is to say from about 
1880 onwards, techmcal improvements of mdustry have been largely due 
to discoveries made tn laboratories supported from public funds by men such 
as Faraday and Henry (see pp 713-14) The ownerslup of mdustry has 
passed more and more into the hands of an amorphous parasmc army of 
shareholders who exercise no creauve function in their capacity as such 
The actual labour of admimstration and techmcal control has passed into 
the hands of a growing class of salaried officials whose employment is deter- 
mmed partly by special educational quahficauons and partly by social mfluence 
At the apex of the hierarchy are the financial conjurors who can mampulate 
a system of costing with no relevance to the balance sheet (Chapter XII, 
p 622) of human effort and matenals made available for the satisfaction of 
common human needs They exercise credit power to buy up new patents 
which might otherwise be used by weaker competitors As often as not the 
patent is put into cold storage — the “ice-box 

Needless to say, broad generahzations of social taxonomy, like the best 
systems of ammal or plant classification, admit many exceptions In one 
respect social evoluuon resembles orgamc evolution One system may undergo 
extreme speciahzation while other structures retam a primitive level ot 
orgamzauon This is illustrated by the contrast between the human fore limb 
which IS relatively archaic and generahzed of its kmd, and the human fore- 
brain or skull, both of which are new and umque So also m social evolution 
one mstitution may develop rapidly and speaahze, while another lags behmd 
Till twenty years ago much of the tailormg and furmture manufacture m the 
Fast end of London was still carried out by individual craftsmen employmg 
one or two helpers with much the same status as the journeyman or apprentice 
of medieval mdustry By a judiaous selecuon of matenals it is therefore 

* Vide B J Stem, Restraints upon the Utilisation of Imentums Am Acad Poi 
Soc , November 1938 
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easy to brief a Ase for the behef that the dominant influence of technologi- 
cal agencies is now much the same as might have been inferred from the data 
available in the middle of the nineteenth century 

A closer scrutmy of the facts which he before us forces as to modify this 
judgment Since the advent of hydroelectnc power, the mtemal combustion 
engine, wireless communications and aviation, new tendencies have become 
evident, working m a different direction No doubt those who grasped what 
was sigmficant m the technological onentadon of 1870 would have no diffi- 
culty in seeing this, if they were still ahve Their disciples would also see it if 
they approached current events with the same freshness of outlook Today 
there is no influential school of pohdcal thought guided by a clear understand- 
ing of the effects of current changes of mdustnal technique on occupational 
mobility, international relations, parental responsibihty, prestige values, 
permanence of employment, or soaal stability From this pomt of view con- 
temporary pohdcal doctnnes fall mto two groups The first mterpret pohdcs 
in terms of natural nghts of caste and race, or moral nghts of property and 
poverty The second is content to mterpret it m terms of the technology of 
the steam engine Between the two there is httle to choose A soaal pohey 
based on caste, monetary values, or moral mdignadon offers no construedve 
guarantees A mihtant programme based on the technology of 1870 now 
invites disaster Let us therefore examme m turn each of the three doctrmes 
stated in an earher paragraph 

The behef that mcreasmg scientific knowledge makes for closer economic 
mterdependence, and, what was often stated as a corollary to this, the behef 
that this increasing mterdependence provided a guarantee of world peace, 
was a dogma umversally held by progressive thinkers m the mneteenth 
century This was not unnatural m the first flush of surpnse which fol- 
lowed the mtroduedon of steam navigadon, transcondnental railways, and 
oceanic telegraphy Our own perspective is different We have seen m Science 
for the Citizen that Chile saltpetre can now be made out of atmospheric nitro- 
gen, that Cheddar cheese can now be made anywhere, that hospitals are usmg 
radio-active sodium prepared from ordmary salt mstead of having to import 
the rare radio-active mmerals, that the Channel Islands are no longer 
regarded as a sufficient guarantee of the genetic credentials of cattle, that we 
may soon be makmg most of our machinery of alummium from the clay of 
our soils and magnesium from sea salt, that we are already begmmng to feed 
our pigs on the dismtegration products of wood pulp, to grow several crops 
of tomatoes a year by tank gardemng, and to produce sugar by the agency 
of bacteria from vegetable waste matter 

Without comimttmg ourselves to any dogmatic assertions about how far 
this will go on, what we can say is this The practical outcome of some of 
the major achievements of saentific discovery durmg the past two centuries 
has been to mcrease "the potential local self-suflBaency consist^t with the 
satisfaction of fundamental human needs Opinions may well differ about 
what conclusions are to be drawn from this, and only two comments will be 
added One is that it permits us to entertam the possibihty of a less centralized, 
and therefore less bureaucratic and less congested, type of world organiza- 
tion as a goal for rationally guided effort The other is this The war-mongers 
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of Central Europe and elsewhere know too well that Free Trade is no longer 
part of the ideological temper of the age m which we live, and that the 
appeal for national self-suffiaency canahzes discontent with the dreary 
futilities of planless mechanization in congested modem communiues It is 
therefore a tragic fact that those who have the will to peace too often resist 
propaganda for self-suffiaency with arguments which antedate the synthetic 
manufacture of mtrate fertilizers 

Of Itself the appeal for self-suffiaency is neither good nor bad In Fascist 
States social pohcy is dominated by the death wish, and self-suffiaency is 
advocated as a means of war-making without regard for the soaal welfare of 
the citizen Where social pohcy becomes alert to the new powers and mven- 
tions available for human well-being, the satisfaction of basic human needs 
will take precedence over the multipUcation of useless commodities to distraa 
neurone urban populations, and the ments of more or less industrial 
speaahzation will be examined with proper regard to the distnbunon of 
population m congenial and healthy surroundmgs The doctrme of Free 
Trade was sustamed by the moral conviction that the greatest good of the 
greatest number is the same as the greatest number of goods available to 
the greatest number of people For privacy and seremty of life, the satisfacuons 
of parenthood and the graces of human fellowship m modest commumties 
Free Trade offered the compensauons of the Department store and labour- 
saving flats in flowerless streets 

Free Trade accepted the urban squalor of a coal economy as the price for 
its own definition of prosperity Today scientific knowledge offers us the 
possibihty of a new plan of socid hving more akin to the Utopia of a Wilham 
Morns or an Edward Carpenter Mobile power, aviation, and eleancal com- 
munications make it possible to distnbute population at a high level of 
productive capacity without the disabihties of cultural isolation The beehive 
commumty of Free Trade has robbed the citizen of a hvely interest in his 
immediate social relations without promoung the will to peace abroad 
Co-operative organization m the age of hydro-electric power, of light metals, 
ot araficial fertilizers and applied geneacs offers us the use of new means of 
transport and new means of communication both to restore the seremty of 
small community life and to promote a hvely sympathy with folk who five 
m other lands Broadcasting has now brought the cultural benefits of travel 
to the bedside, and scientific horuculture offers us a programme of bio- 
aesthenc planmng which may prove more congenial to basic human needs 
than the spectacle of Woolworth’s buildmg 

The straphanging multitudes of our great aties need arcuses as well 
as bread It is no longer Utopian to ask what sort of circus human nature 
demands The Third Reich has given its answer The answer is Jew- 
baitmg, war, and neo-pagan weddings The revolt agamst the beehive aty 
of compeauve mdustnalism has already become a retreat mto barbansm, 
and the retreat will contmue unless saence can foster a hvely recogm- 
uon of the positive achievements of avihzation by reinstatmg faith in a 
future of constructive effort This faith is still confined m the strait- 
jacket of the Qty State mentahty We read of gigandc schemes of pubbe 
works Pretentious flood-ht buildings for bureaucrats dwarf the temple 
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observatories oT the slave civilizauons Along new macadamized roads 
machinery will propel the chariot of a new Pompeian plutocracy, escaping to 
the childless villa on the Chiltem hills We trilie with makeshifts to meet the 
grosser grievances of a competitive economy while biological science offers us 
a multitude of expedients for beautifymg* human existence 

From this glimpse of a new prospect of neighbourly relauons between 
nauons let us return to other aspects of the unpact of science on society 
A second doctrine which seemed to be supported by the advent of modern 
power produaion was the progressive degradation of skilled work durmg a 
period which witnessed a great reduction of highly skilled handicraft Even 
before the mtroduction of electricity as a source of power, the conduct of a 
mechamzed and more highly urbamzed society had imtiated changes which 
counteracted the cultural process of levellmg down Universal schoolmg, a 
popular Press, free hbraries, succeeded one another m countries with a 
democratic constitution With the coming of electricity as a source of power 
industry came under the impact of new problems of cosUng and new techmeal 
advantages of mobihty W^ere it has been introduced mto the factory, it has 
created a demand for a new type of skill and special ttammg, while dis- 
pensmg with a large volume of unskilled and casual labour which can be 
done by machinery To see the impact of the new techmeal forces most clearly 
we need to examine the statistics of a country which is in a more advanced 
state of techmeal development than Bntam In his recent book Insurgent 
America^ Alfred Bmgham has made an analysis of the growth of social 
classes m the United States during recent years, and finds that the new type 
ot skilled and admmistrative employee has steadily increased m proportion to 
labourers performing heavy unskilled work 

Thus modern technology has brought mto being a social group with 
social aspirations and a social status of its own Its social aspirations for 
further opportumty of employment can be reahzed only by the further 
extension of technical improvements which have encouraged its growth 
For the time bemg, at least, it is still growmg and, at present, poliucally 
inarticulate It may therefore play a decisive role m the success of any social 
movement which can claim its allegiance In a period of social crisis its 
importance should not be judged by its numerical strength, because its 
personnel commands resources agamst which mere man power is helpless 
and barricades are hterary illusions If it can be enhsted m a task which will 
olfer It far greater opportumties of creative service than it now enjoys, the 
transition from a discredited and demorahzed competitive to a rationally 
planned industrial system is assured If it is driven by fear of chaos to support 

* More often than not, Back to Nature is a confusion of terms What generally 
gams admiration for the beauties of the English countryside is not nature as such 
Untouched nature is generally monotonous Enghsh parklands, hedgerows, and many 
of our woodlands are the result of human mterference, sometimes by the deliberate 
action of enthusiastic pioneers of bio-acsthetic planning, like John Evelyn, and some- 
Dmes as relics of past culuvation Bio-acsthctic plannmg need not be confined to 
horticulture The Japanese keep fireflies as pets, and peacocks were once common 
in the gardens of the rich We have it in our power to make our roadsides and gardens 
a symphony of song and colour by choosmg our own co-habitants in a biologically 
planned ecology of human satisfacuons A co-operative commonwealtli could efface 
the skeleton grin of silk stockmg and soap advertisements along our boulevards bv 
vegetauon ffowermg throughout ^e seasons 



io88 


Science Jor the Citizen 

any dictator movement which offers the prospect of breathing space, it may 
become the instrument for destroymg democracy, freedom of discourse, and 
the hope of peace 

In the economy of private enterpnse the use of saence is primarily directed 
to increase profits for shareholders even at the price of recurrent unemploy- 
ment, depressions, and national distress It is secondarily apphed to the 
welfare of the worker, where civic organisation undertakes the responsibihty 
of planmng its use through such mstruments as the Industrial Health Board 
of the British Medical Research Council Inescapably on that account, ±e 
wage earner and his representatives have been hostile or suspicious m their 
attitude to techmeal innovations, while disposed to sympathize mdiscrimi- 
nately with proposals for extendmg the scope of pubhc enterpnse So the 
social aspirations of the highly tramed worker and of the wage earner had 
little m common while private enterpnse could guarantee the continued 
expansion of industry with new opportumties of advancement and promo- 
tion for special skill and traimng The prospeas of the salaried worker in 
highly mdustriahzed countries such as Bntam and America become less 
reassurmg as the domam of private monopoly extends In Bntam large-scale 
unemployment has produced a drift of the workmg population from depressed 
areas to locahtics where no pre-existing tradition of organization safeguards 
their own mterests Their representatives are now compelled to exarmne 
proposals for creating new mdustnes with a progressive techmeal outlook. 
For both reasons a new sympathy of outlook is umting different sections of the 
productive population m a common endeavour to prevent the frustration of 
science by social parasitism Mr Ritchie Calder refers to this growmg sense 
of the frustration of science m a recent address 

Big mdustnal mterests, with whose profits new discoveries or mventions 
might mterfere, will see the discoveries starve for want of money to develop 
them or will buy them up and “put them m the ice-box ” That was Sir Josiah 
Stamp’s phrase when he pomted out, at the British Association, that a big 
concern had to decide whether it was “economic” to mtroduce a new process 
before an existing one was obsolete And there is some reason m that, but, as 
I commented at the time, who is to be the arbiter? Is it to be the worker who 
may be displaced when an mdustry discovers that a new process is “economic” 
because it employs less labour? Is it to be the pubhc who might gam by a new 
discovery? Or is it to be those who were already makmg profits out of the old 
process so long as it had no competitor? Who had the right to decide when gas 
mantles should be mtroduced? Was it the gas compames who might have 
reason to suppose that the old rat-tail jets used more gas, or the pubhc who were 
to get the benefit of better hght? Who should decide — shareholders with an 
mterest m buttons or atizens who may find a use for zip fasteners, the silent 
film producers or the audience that prefers talkies, the war makers who want 
carbolic acid for explosives or the householders who could see a better use for 
synthetic plastics? 

A third charactenstic of the first phase m modem power production has 
been mentioned This was the mcreasmg mihtancy of the employed classes 
m face of the soaal abuses which followed the spread of the factory system 
In mobihzing the will to a rationally planned society today we may now 
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make a great mistake if we rely on sentiments which have no rauonai support 
A new psychological feature has been introduced mto social relauonships 
by the mvention of electrical commumcauons and by the cinema One side 
of the picture is that we are no longer hvmg m an age when the peasants of 
Essex would march up to London to be hanged one week, and the peasants 
of Kent, enthusiasucally ignorant, would march to Westminster to share the 
same fate a fortmght later In the age of the radio the penalties of one false 
step motivated by misguided enthusiasms are stupendous 

The other side of the picture is that men of good will and construcuve 
aim have at their disposal far more powerful weapons tlian the pen The 
majority of men and women are capable of responding to the common needs of 
their fellows, and their common response when the Malnutnuon film based on 
Sir John Orr’s work was shown in Britam during the past year is a hopeful 
portent One reason why the Protestant Refonnation succeeded was that the 
Protestant reformers exploited the pnnung press, then the newest technique of 
commumcations This suggests one answer to the question, will the accumu- 
lated scientific knowledge of the last century be made available for the satis- 
facuon of common human needs ? We may hazard this only if those who have 
the will to see it so used orgamze the use of the new mstruments of electrical 
communications In the age of the pamphleteers it was said that the pen is 
mightier than the sword This is not the age of pamphleteers It is the age 
of tlie engmeers The spark gap is nughuer than the pen Democracy will not 
be salvaged by men who can talk fluently, debate forcefully, and quote aptly 

Advancing scientific knowledge has swept away many behefs which sus- 
tained popular aspirations m the formative stages of modem democracy 
The providential ispensation which endorsed the same plan of governance 
for Church and State, the mythology of the Beautiful Savage and meta- 
physical hbertariamsm with its hypertrophied insistence on the diversity of 
personal preference, do not belong to the century m which we are living 
In their place modern science offers us a new social contract The social 
contract of scienufic humamsm is the recogmuon that the sufficient basis 
for rational co-operation between citizens is scientific mvestigation of the 
common needs of mankmd, a scientific mventory of resources available for 
satisfymg them, and a realistic survey of how moderu social mstitutions con- 
tribute to or militate agamst the use of such resources for the satisfaction 
of fundamental human needs The new social contract demands a new 
orientation of educational values and new qualifications for civic responsi- 
bihty In so far as our narrative has exhibited the place of advancing scienufic 
knowledge m the progress of civilization and the impetus which science 
has received from expanding opportunities for the satisfaction of common 
human needs. Science for the Citizen is a modest contribution to the new 
orientation 

The fundamental issues which separate the standpoint of scientific 
humanism from the axioms of orthodox pohtics are summed up m two 
quotations taken from a recent issue of a newspaper report of a debate m the 
British House of Commons The offiaal view was stated by the Mimster of 
Labour who said that ‘^tradmg estates m the distressed areas had brought 
new hope to men and women whose outstandmg need was the healing power 
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of work Against this the Opposition urged that ^‘it was the primary duty 
of the Government to create work ” 

Representatives of ali the orthodox parties in Britain and in the United 
States are all agreed that it is “the primary duty of the Government to 
create work ” As a provisional expedient for immediate action this is 
plausible withm limits What matters is whether Governments are creaung 
work which will bear fruit m a reduction of drudgery or the destrucuon of 
life, in creating common comforts or m erecting pretentious monuments 
Scientific humamsm asserts that it is the primary duty of Government to 
create leisure and abundance The costmg system of those who believe that 
creating more work is the first concern of statesmanship is the banker’s 
balance sheet The cosung system of scientific humamsm is the balance 
of inanimate power and human effort as set forth m Chapter XII The 
professional apologists of the banker’s balance sheet are now the last survivors 
of the Aristotehan tradiuon Anstotehan sociology embodies the detemunauon 
to perpetuate servile toil Anstotehan physics refleas the limitauons which 
slave labour imposed on the further progress of scienufic knowledge Scienufic 
humamsm rejects the self-evident principles of Aristotehan sociology as it 
rejects the self-evident prmciples of Anstotehan physics 

In Britain a reahsUc study of how social insutuuons assist or impede 
the sausfacuon of human needs muted to an inventory of scienufic instru- 
ments now available for sausfymg them will not come from our umversiues, 
where the teaching on current social problems is dommated by the dreary 
fuuhues of deducUve econonucs Men and women who bring the hve 
curiosity and painstakmg industry of the naturahst to bear on problems of 
contemporary society will not be products of an estabhshed social culture 
Like the Webbs, they will be the symbol of a popular movement So was it, 
when new industries created a new social demand for chemistry and electri- 
city As then, the makers of the New Social Contract will be the founders of 
a new social culture 
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ON POSITION FINDING 
BY MEANS OF 
SUB-CELESTIAL POINTS 


fORPWORU 

In these times many readers will be more mtercsied m the 
techmque of position finding m air than at sea or on land 1 he 
ensuing notes are for those who have grasped the principles of 
navigation and cartography set forth m Chapters 11 and IV, 
and would hke to understand the underlying principles in- 
volved in their application to the peculiar difficulties of navi- 
gating at a speed which precludes protracted computations 
or delayed observation 

LANCbLOr IIOCBIN 


By means of the sphencal triangle formulae on pp 190-198, we can 
get our lantude and longitude on land from simultaneous measurements 
(pp 188-200) of the altitude and azimuth of a single celestial body at 
any moment referable to Greenwich time For vanous reasons, it is not 
pracucable to determine the azimuth of a celestial bod} accurately in 
a ship or other vehicle As far as possible, the ship’s navigator therefore 
makes use of meridian alutudes (pp 98 and 99) At mght the officer 
can use any star not concealed by clouds at the time when it crosses the 
mendian, but we can rely on only one celestial body — the sun — during 
the daytime If clouds conceal the sun at local noon, the usual method 
of observing the value of the sun’s maximum altitude and the Green- 
wich ume at which it is at its highest point in the heavens fails us To 
get his latitude and longitude the manner has to fall back on Sumner’s 
method The pnnciple of Sumner’s method is as follows 
Any star of decimation D is a zemth star (p 90) of any place at 
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latitude L — D On the latitude circle L there is therefore some spot, 
at any given moment, where a star of declination D = L is at the 
7cnith This spot whose laatude is L is called the substellar point of the 
star at this moment, and it lies on the mendian of longitude in the 



The sun’s R A circle is directly over the meridian of longitude 1^ on which the 
suhsolar point lies at latitude L — D (sun’s declination') P is the position of a 
ship on another meridian Ip The hour angle H between P and S is the angular 
difference between the sun’s R A circle and the R A circle passing through the 
zenith (Z) of P, and is therefore also the difference of longitude between P and S 
The line joining S to the earth’s centre gives the direction of the sun’s rays, 
since the sun is at the zenith above S, and the inclination of the sunbeams to 
the line through P, its zenith (Z) and the earth’s centre is the z d of the sun at 
P This IS therefore the angular measure of the arc of the great circle passing 
through P and S 

same plane as the Star's R A circle at that moment What is true of a 
star IS also true of any celestial body, e g the sun At any given moment 
there is a subsolar point where the sun is directly overhead Its latitude 
IS the sun’s declinauon and smee the sun is on the meridian its local 
time IS noon If the chronometer gives Greenwich ume as x hours 
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(after noon) its local time is x hours behind, and its longitude is : 5:^'^ 
west of, Greenwich (p 79) Let us suppose that Greenwich time is 
10 o a m , and that our nautical almanack gives the sun’s declination as 
+ 18° The subsolar point is then (15 x 22)° — 330"" West, 1 e 30'" 
East of Greenwich Hence the subsolar point at that moment is at 
Lat Long 30° E 

Since the hne which joins the zenith to the observer also goes through 
the earth’s centre (p 57), the subsolar point has a simple g<-omctrical 
relation to our position on the earth’s surface The sun’s rays lie in the 
direction of the hne joming the subsolar point to the centre of the 
earth, and the angle between this hne and that which goes through the 
observer and the earth’s centre is the angle it makes with the observer’s 
plumbline, 1 e the local zemth distance oi the sun (Fig i) In other 
words, the sun’s z d — is the angular distance between the observer 
and the subsolar point One degree at the earth’s centre subtends an arc 
of approximately 69 land miles (p 85) along any great circle In what 
follows we shall take this value as correct for illustrative purposes We 
can therefore say that the observer’s position is 69 Z, land miles by 
great circle sailing from the subsolar point Any point on a circle ot 
radius 69 Z^ miles with the subsolar point as centre fulhis this c ondi- 
tion From one observation of the sun’s z d all we can thcrclore tell is 
that we are somewhere on a particular circle which we can trace out on 
the globe 

Having traced out this circle 69 Z^ miles Dy great circle sailing from 
a point 18"’ N 30° E , we can take a second reading when the sun’s 
7 d is Z,^ Let us suppose that the chronometer then gives Greenwich 
time as 4 p m and tables give the sun’s dechnation as 1805' Our 
position IS somewhere on a circle whose radius is a great circle arc of 
Zg*" with Its centre at the subsolar point, now 18 05 N 60 W If we trace 
this second arcle on the globe it must cut the first one at two ooints, 
and if we have kept at the same position during the time between the two 
observations, our position must be somewhere on both of these circles 
Therefore it must be at one of these two points (Fig 2) We could 
deade m favour of the correct one by a rough estimate of the sun’s 
azimuth at any one reading which gives us an estimate of our 
latitude and longitude , but this is rarely necessary We know which to 
choose from what we know about the ship’s course by dead reckomng, 
since the last previous fix on a previous day with propitious weather 

In real hfe a ship does not stick to the same spot P between successive 
observations at times and It moves from where the sun’s z d is 
Zj to Pg where the sun’s z d is Zg, but it is a simple matter to recon- 
struct what would have happened, if the ship had kept its station at 
either its initial or its final position All we need is a correction for its 
2 d at on the assumption that the ship was then at P2 On that 
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assumpuon its z d would have been the z d of all places on a great 
circle with its centre at the subsolar point and with P2 somewhere on 
Its circumference Now the arc of a great circle joining the subsolar 
point to Pj is the meridian bearing of the subsolar point with reference 
to Pj3 and this is also the sun’s azimuth at P^ when the time is If Pg 
IS y miles beyond P^ on the same arc, (y — 69)"^ is the required correc- 
tion, and 3; IS the number of miles through which the ship has to sail to 


^Tolc 



I iG 2 —Position Finding from Two Subsolar Points 

S, Tnd Si are successive subsolar points at times r, and rg respectively The radii 
the two position circles Zj and Z2 being respectively the sun’s z d at time 
md ti at the ship’s position 1 he ship is somewhere on both these circles and 
must therefore be cither at P or /> If we have a rough idea from knowledge of 
the ship’s course, we know that it cannot be at one of them (say p) and must 
therefore be at the other Anyway, a rough estimate of the sun’s azimuth at P 
settles the question 

get from Pj to Pj if its track coincides with the meridian beanng of the 
subsolar point at time If the ship’s course sticks to this great arcle 
w'e can therefore put in the circle which connects all points where the 
sun’s / d would have been the same as at at time Since Pg is on 
this circle and also on the position circle of radius from the substellar 
point at our final posmon Pg is one of the points of intersection of 
the two circles Now we know how far it is from P^ to Pg by dead 
reckoning, if we know the ship’s speed If we also know its direction 
by compass beanng, we know the inclination of its track to the beanng 
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of the subsolar point at Pj at time and if it has moved m mile^ it an 
inclination of a°yy ~ m cos a 

We might use a star in exactly the same way If we know the R A of 
a star we know (p 93) how many hours elapse between its transit and 
local noon at any given spot Thus we can find (pp 88 and 99) the 
lautude and longitude of the substellar point of any star at a parucular 
moment of Greenwich time, as given by the chronometer On a ship 
there is little to gain from traang two position circles based on suc- 
cessive z d measurements of a single star If there are not too many 
clouds to prevent two such observations, there will not be too many 
clouds to prevent a single determination of the transit of one of the 
many easily recognisable stars which south in the hours of darkness 
Still, we can — if need arises —adapt the principle of Sumner’s method 
to take advantage of a short penod of cloudlcssness in a night otherwise 
overcast 

This adaptation is the basis o^ position finding on a mght flight, 
when no beam control is available A ship docs not move very far 
dunng the intervals between occasions when some recogmsable star is 
in transit, but an aeroplane can do so Consequently, it is advantageous 
tor the air pilot to have a means of location which docs not involve 
waitmg for the transit of some star which he can recogmse tor reference 
in tables of dechnation and R A If we take simultaneous observations 
of the z d of two stars we can trace a position circle around the sub- 
stellar pomt of each, and we can choose the two stars to give circles 
whose points of intersection are a thousand or more miles ipart We 
have therefore no doubt about which of the two points of intersection 
of the two position circles is the one which specifies the observer’s 
position 

To trace out a position circle of radius from a subsolar or sub- 
stellar point on the globe, it is merely necessary to lay off a cncle with 
the same radius as a parallel of latitude (90 xY We can do this 
roughly by means of a pm, a thread and a pencil, or with compass 
constructed to draw circles on a spherical surface, but to get our 
position correct within a mile, we should need a very large globe, much 
too large for a ship and a fortion much too large for a plane To deter- 
mine the appropnate point of intersection of two position circles m real 
hfe, the sea or sky pilot has to work with a chart In the neighbourhood 
of the dead reckomng posinon on a large scale chart, the arc of an 
actual position circle about a given sub-celestial point does not appre- 
ciably differ from its own tangent, i e from a straight hne All position 
circles about a given point on the globe are concentnc, and if the 
angular radius of the position circle is large, 1 e if the 2 d of the star 
IS over 15'', all corresponding arcs on a large scale chart appear to be 
parallel straight lines 



1096 Science for the Citizen 

Since the radius of the position circle around the sub-celesoaJ point is 
also the z d of the celestial body at the same moment, a difference of 
between the radu of two posmon circles corresponds to a z d difference 
of 1° between places situated on one or the other This means that 
places on parallel posmon lines drawn 69 land miles apart on our chart 
are places where the z d diffeience is 1° Conversely, if the difference 
between the z d of a star in two places on our chart is x'’, the two places 
lie on two parallel lines 69 x miles apart If we know the beanng of one 
of them, we can therefore draw the other with the same beanng at the 
appropriate distance from it To draw our actual posmon line with as 
httle delay as possible, we therefore need a reference line )Oimng places 
of the same knovm z d at the moment when we determine the actual 
z d of the star Thus our problem is how to put on the chart such a 
reference line — or rather two such reference hnes, one for each of the 
two stars we use to get the point of intersection of two actual position 
hnes 

On the surface of the globe an arc joimng a reference point of known 
z d to the substellar pomt cuts the mendian on which the reference 
point Itself lies at an angle which is the azimuth, or meridian beanng, 
of the sub-stellar point with reference to the observer’s position On 
our large scale chart the arc is a straight hne which cuts the meridian 
on which the reference point hes at the same angle This hne represents 
the radius of the position circle through the reference point The posi- 
tion line being tangent to the position circle at this pomt, is at right 
angles to it We can therefore draw our reference hne if we have two 
data (i) the location of any point of known z d at the moment when 
we make our observation of the actual z d of the appropnate star, 
(2j the meridian bearing or azimuth of the substellar point at the same 
place 

Suppose we chose any point of specified latitude and longitude near 
our dead reckomng position at a given moment when we propose to 
find the actual z d of a star Such a pomt is one apex of a sphencal 
triangle (Fig 3) of which two sides are its co-latitude and the co- 
declinauon of the star chosen The included polar angle is the hour 
angle or difference of longitude betw^een the substellar pomt and the 
reference point We can therefore solve for the remainmg side and 
remaimng angles by use of the spherical triangle solution forumlae on 
pp 191 and 192, or by recourse to tables based on them Now the third 
side which joins the reference pomt to the substellar pomt (Fig i) is 
the z d of the star at the reference pomt at the moment specified, and 
the angle between this side and the side which joins the reference pomt 
to the pole along the meridian of the latter is the azimuth, 1 e meridian 
beanng, of the substellar point, and of the star itself, at the reference 
pomt For any pomt of assumed latitude and longitude near our dead 
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reckoning position at any assumed time we can therefore specify the 
z d of a star and its meridian bearing To do so, we merely reverse the 
procedure for getting latitude and longitude from direct observation of 
the azimuth of a star, its z d and standard time 
For instance, we may reckon that we are going to be somewhere near 
54 N io|^°E at 8 45 p m chronometer time, ten mmutes later, when 
we propose to check up our posiuon accurately by making simultaneous 
sextant measurements of the z d of Aldebaran and z d of Aitair To do 



Fig 3 — Spherical Triangle Oh Reference Point (R) of known iatitude 

AND longitude 

A — azimuth of subsolar point (S) with reference to R 
H — hour angle of S with reference to R ( ^ difterc ice of longitude between 
R and S) 

this we can lay off position lines for the substellar points of these two 
stars at 8 45 p m chronometer time passing through a point 54° N and 
10*^ E To get these hnes we merely need the meridian bearing of their 
substellar points at 54° N and 10° E and 8 45 p m chronometer time 
Having got the two angles from the solution of the corresponding 
mangles we put the beanngs on the chart and draw the position lines 
at right angles to them Our solution also gives us the z d of the two 
stars on the position line at the moment of observation and our obser- 
vations (at 8 45 p m ) show us by how much (x^ and x^) the z d of each 
star at our actual position, differs from the z d of the corresponding 
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to Jay oS lines parallel to our two reference lines 69 and 69 1 , 2 jcs 

apart &om them, and to read off the latitude and longitude of the point 
at which they intersect This is our reai position 
7 o plot our actual position line correctly we have to take a more 
accurate value than 69 miles for the length of a circular arc which 
subtends at the earth’s centre Needless to say^ our chrono- 
meter reading gives us Greenwich mean time, and we have to use 
Greenwich local time to get the hour angle of the celestial body at our 
assumed position at the appropnate moment We do this as explained 
on p 63 by reference to tables of the “equation of time ” To take 
advantage of tabulated solutions of spherical triangles, when making 
necessary computations for laying off reference hnes we have to choose 
the latitude of our assumed posmon as a whole number of degrees and 
a longitude so as to make integral the hour angle of the substellar point 
w r t the reference point 

To simphfy the preceding explanation, we have considered our two 
observations on the / d of the two stars as simultaneous In practice, 
accuracy demands the mean of several values of each The interval 
between completing the two sets is of no sigmficance, if the vehicle is a 
ship, and two officers can co-operate on a large ship to make truly 
simultaneous observaUons, if the need for such arises For air transport, 
the interval is sufficient to permit a displacement of say 15 miles So the 
air pilot’s problem at night is on aU fours with the manner’s problem 
by day To get the required point of intersection he does not use his 
actual position line at He shifts the first position line in the direction 
of the plane’s flight The amount depends on the mchnation a of the 
plane’s course to the meridian bearing of the substellar point of the 
first star If s is the ground speed, the distance traversed in the plane’s 
track during the interval is s (/^ = m miles, and the required 

shift IS m cos 



ANSWERS TO EXAMPLES 

(Edited by Mr Richard Palmer ) 


Chapter I 

2 November 4th 

3 74|°S 

4 July 3rd 

U (fl) 73J° N (b) on equator 

12 (u)16rN («11FN 

13 (a) 73 S (b) 73 i" S 

ir> (^2) Oct 15th, Nov 22nd {b) Oct 7th, Nov 28th 

(c) Jan 6th, March 25th, July 17th, Aug kh 
17 1 30 p m , 1 18 p m , and 1 22 p m 


Chapter II 

1 Declination 0°, 23}"* N , 0*^, 2>J'"S RA 0 hour, 5 hours, 12 hours, 
18 hours 

3 Lat 50° N, Long 5 h°W approx 

4 2 hours 28 mins ,812pm, 48}" W 

5 4b° N 

6 48° 15' W, 57° 24' N 

7 Sept 23rd 

8 Thin, wamng crescent, 5 8am, II Sam 

10 7,900 miles approx 

1 1 N Devon 

12 About Sept 24th 

13 Yorkshire 


Chapter III 

1 Just within principal focus, 25]' " from mirror 

2 To 12'' from lens 

3 Both distances lb"' 

4 Book from lens 10", plate from lens 10" 

5 9" 

b 15° 53' 

7 14 ft , 6 ft 

8 (a) 3 (b) 5 

9 (a) 6 006"' (6) 4 908" (c) 5 261" (J) 5 919" 

10 83° 36' 

11 44° 59' approx 

12 Converging, 100 cm 

13 Diverging 166 f cm 

14 Diverging 250 cm 

15 -f 2, ~ 3J, - 5 

17 43}° 

18 1 59 

19 40 5' 

20 2 4" 

21 49 
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22 60 6 cm from the 16 c p lamp towards^ and 32 6 cm from the 16 cp 

lamp away from the other lamp 

23 2 41 to 1 

24 1 X 10^’ candles 

Chapter IV 

1 3,460, 1,550, and 180 land miles 

3 65 7", 7 33 p m 

4 Rising 6 40 am,7am,7 28 am Setting 5 20 p m , 5 p m , 4 32 p m 
6 London 7 32 a m , 4 56 p m , 66*" from S New York 77am, 5 21 pm 

70"" from S , Cape Town 5 33 a m , 6 55 p m , 72" from S 
6 Before Vega sets b 30 p m , rises 7 35 p m , b" from N , Sun rises 6 23 a m 
sets 6 5b p m , 8b" from S After Vega sets 5 35 p m , rises 6 40 p m 
O' from N Sun rises 5 52 a m , sets b 10 p m , 86’ from N 

8 78’, 53*" 

9 0 375 to 1 

10 225 days, 687 days, 0 475 to 1 

Chapter V 


1 7 m p h 

2 20 yds 

3 3 SI mph, 301 W of N 

4 18" W ofS 
6 1 104 miles 

6 36 04 cm 

7 5 ft , 2i ft, lift, I ft 

8 77 48 gm 

9 512 poundals 140 143 x 10* dynes 

10 6 cwt , 10 cwt 

11 37ilb 

12 210 lb , * of distance along pole from the stronger 

13 8 68 lb , 25 lb , 36 36 lb , 43 3 lb , 60 lb 

14 90° 

16 6 656, 10 94, 16, 20 67, 24 61, 27 71, 30 07, 31 62, 32 

16 8 ft , 16 ft /sec , " ft , ' ft /sec , ^ ft , ' ft /sec 

17 (a) 0 465 sec (6) 103 52 ft (c) 4 714 ft /sec (d) 8 368 ft /sec 

18 30° 

19 975 cm pei sec 13,826 dynes, 4 424 x 10* dynes 

20 128 1b 

21 (a) 4 6 tons, (6) 5 04 tons 

22 \ ton, 4 lb 

23 68ift/bcc 

24 2,200 ft , 0 44 ft /sec 

26 266 ft , 4 sec 

27 3 secs , 30 ^ds 

28 43 8 It /sec , 1 37 secs 

29 6 ft 3 m , 7 It 10 m 

30 30 m p h , 0 183 ft /sec “ 

31 3,500 ft 

32 34,° 

33 39° 12' or 50° 48' 

34 After 1 or 6 secs , IQVWs ft or SOVlOQ ft 
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36 (a) 14 34 flf /sec ^ (6) 0 1 112 ft /sec 

36 49" 3', 66" 33'. 

37 2iin 

39 2 1 ' in 3 6 ft 

40 32 16 ft /sec ^ 

42 40 3 m 

43 Loses 18 secs 

44 0 4 per cent 

46 8 31b 

40 1 372 cm , 0 0245 cm 

47 2 43 ins per lb 

48 1 ' secs 

49 32 214 ft /sec 32 204 ft /sec ^ 32 176 It /sec “ 

60 9 981 lb, 10 0021b 

61 32 1186 ft /sec ^ 

54 2,444 6 ft 5 6 secs 

66 4888 3 ft 3 0 015 ft /see - 

56 Radii 23I79, 2,237, 2,490, 2,671, 2,624, 3,0(U, 3,4()4, 1,985 miles 

Speed 670, 686, 652, 673, 687, 802, 907, 1,011 miles per hour 

67 (<2) 32 227,32 225,32 217,32 214,32 212,32 194, 12 176, 12 149h/sec2 

(6) 39 183, 39 181, 39 171,39 167, 39 165, 39 1 14, 19 122,39 0S9 m 

68 (a) 17i (b) 84 (c) 24} (</) 11 seconds 

69 178 sec slow (The oblateness ol the eaith also causes a variation of gy 

m the same direction and about half as big as the vanation due to latitude 
The answers to the last three examples ncglccl this lo get answers 
nearer the truth, multiply the latitude variations of g, pendulum, and 
clock by 1 62 ) 

60 46 6 feet West 

61 35° to his path 

62 10 m p h 

63 14 14 m p h S B 


CiiArifcR VI 

1 2 5ft 

2 18,300 and 36 7 

3 132 8 cm 

4 4,495 feet, 3 75 ft /sec 

5 0 85 mile 

6 2,240 ft 

7 34 64 secs 

8 642 6, 463 6 

9 50 m p h 

10 651, 656 

11 598 3 yards 

13 365 3 

14 60 6 feet 

15 2 

16 260 

17 517 

18 6, 4 

19 1,037 

20 68 2 m p h 
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21 201,600 miles per sec 

22 327,468 radians per sec 

23 8 33 revs per sec 

24 4 63 revs per sec 

Chapter VII 

1 < 0 6% 0 87, 0 97, 1 1, 1 26, 1 37 

2 {a) ~21 38, 9 62, -0 06, -9 13, —128, —216 2ft /sec ^ 

{b) 25 9 i, 29 55, 27 83, 27 49, 14 46, 4 78 ft /sec ^ 

(c) 27 90, 30 34, 29 18, 28 95, 20 15, 13 60 ft /sec ^ 

(d) 29 17, 30 86, 30 06, 29 90, 23 82, 19 31 ft /sec ^ 

3 102 5 kg per sq cm 

4 nice 
6 60'’ 

6 1 to 3 

7 15 8 tons 

8 25 tons 

9 26 88 ft /sec 27 94 ft /see ^, 28 78 ft /sec ^ 

10 3 6 tons, 0 09 inch 

n 1,210 cm 

12 9 97 lb per sq in 

13 1,800 feet 

14 104 

16 63,370 dynes per sq cm 

16 150 Occ, 57 24 cm 

17 11 to 1 

18 28 6 cm 

19 30 7 inches 

20 74 1 cm 
212 7 feet 

22 1 68 litres 

^ ^ 100 

23 P — 1 64 cm , 5 — ^ cm where P is the barometric pressure 

24 13 92, 12 42, and 9 21 ft /see 2 

26 5 2 cm 

26 8 76 cm 

27 {a) 0 00499 inch {b) 0 0497 inch (c) 0 472 inch 

28 (a) 1 (i.) 1 014 X 10» 

29 0 0000H9 gm 'c c , 0 00143 gm /c c , 0 00125 gm /c c , 16, 14 

30 1,324 5 c c , 618 7 c c , 342 7 c c 

31 In hydrogen 31 99979, 31 99712, 31 9958, 31 9885 ft /sec ^ In air 

31 99767, 31 9582, 31 9527, 31 833 ft /sec ^ On SO3 31 99153, 

31 8848, 31 8355, 31 539 ft /sec ^ 

82 (a) 1 00003023sec (6) 1 00002092 sec (c) 1 0008371 sec 

Chapter VIII 

1 1 2 5 cm 

2 15 cm , 195 cm 

3 177 2 cc 

4 805 mm 
6 70 8^ C 

6 I to 1 002 
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7 2,422 inches 

8 11 04gm 

9 108 cc 

10 22 02 gm 

11 Densmesingrn per lure I 420, 0 7708, 1 251, 3 22, 0-0890 Relative 

densities 16, 8 5, 14, 35 5, 1 
12. 2 vols to 1 vol , 1 gm to 7 948 gm 

13 1 vol m 6 

14 1 to 1 

15 1 to 2 67 

16 0 0821 gm 

17 11 64 


Chapter IX 

1 (a) 660 c c (5) 560 _ c 

2 700 cc 

3 100 c c, ml, 685 c c, 677 5 c c, 1, 300 c c 
6 7 6cm 

6 (a) 0 08206 (6) 8 3135 x 10’ (c) 6,230 

7 HCN, CO 

8 CO2, 27 27 per cent C, 72 73 per cent O, Np, 63 03 per cent N, 36 37 

per cent O 

9 HgS, NH3 

10 950 c c , 16 74 per cent O, 83 26 per cent N 

11 At MG'" C = NOg, on cooling is formed At ‘iB"" C NO2 

= 70 30 

12 See Index 

13 3 vols Oo form 2 vols O3, 2 per cent ozone 

14 16 gm 

15 H 1, Cl 35 62 (mean), O 7 93, S 15 95, Ag 10a 6 (mean), 

Hg 99 42 (mean), Cu 31 93 (mean), Fe 27 79 Mg 12 04 

16 CSg 

17 7 838gm, 6,76Icc. 

18 0 69 

19 H^CO 

20 H 134cm, O 07cm 

21 16 38 litres 

22 2 88 atmos 

23 60 9 mm 

24 62 06 

25 6 66 atmos 

26 66 6 per cent 

27 (<3) 74 4 gm (5) 47 8 gm (c) 40 9 gm 

28 202 2 cm 

29 Steam 0 0467 atmos , hydrogen 0 9543 atmos 

30 0 174 mol acid, 3 654 mol alcohol, 0 826 mol ester 

31 SxlO*** 


Chapter XI 

1 {a) 36 89° C (b) 309 89° Abs (c) 29 51° R 

2 24^°F*, 221°F, -- 6}°C, 101‘°C 
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3 80° C , 96° C 

4 0 2424 cm , 0 2835 cm , 0 0106 cm 
6 177 4 cc 

6 (a) 0 62 {h) 0 88 

7 79 65 cm 

8 0 075 cm 

9 22 1 cm 
10 

11 0 46 inch 

12 20 miles 58 4 feet 

13 6 66 secs lost 

14 0 J37 cm and 0 341 cm 


Chapter XII 

! 0 094 

2 0 407 

3 3 12 gm 

4 0 489 

5 3rc 

6 533 3 cals 

7 1 2 gm 

8 0 068 
9 0 112 

10 246 9’C 

11 0 1 1 

12 28 8 C 

13 7,9(>2 6 gm 

14 80 4 cals 
16 630 

16 0 495 

17 22 c 

18 Substance (d) 

19 0 447 cals per sq cm per sec 

20 () 1 2 cals 

21 1 357 \ 107 4 24 X 10» ergs, 1 0476 X 10‘» ergs 

22 11,027 cals 

23 (a) 2,900,088 ergs, 7 05 foot poundals, 

(6) 1 1,350,000 ergs, 26 915 foot poundals 

24 1 06'^C 

25 (a) 3,459,048 cals (b) 1 384 x 10^ B Th U 

26 (d) 0 306 therms (5) 964^ gm (e) 68 cub tt {d) 2 72 pence 

27 58,430 ft lb 

28 15 8 hp 

29 410|hp 

30 1,056 cub ft 

31 228° C 

32 (a) 6 001 ft , (5) 0 0367 B Th U 

33 British units 168, 92 12 x 10* ft lb, 37 002 B Th U 

International units 7 086 x lO”^, 3 8856 < ergs, 9250 7 cals, 
31 3,714 X 103 ergs 

35 2 6b cub ft 

36 (d) 1 14 cm 


(5) 134 6 cm, 
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Chapter XIV 


1 

i amp 



2 

i amp 5 3 volts 



3 

J ohm 



4 

(a) 0 142 amp 

(5) 0 1 amp 


6 

(a) 0 4 amp 

(5) 0 364 amp 


6 

ohms, 0 35 

amp 


7 

Current is halved 


8 

1 J volts 



{) 

8 3 ohms 5 7 ohms 


10 

18 



11 

127 2 metres 



12 

(a) 1 84 ohms 

(5) 1 321 ohms 


13 

0 004394 amp 



14 

0 09868 amp , 

0 986 volt. 


15 

1 4 



16 

(a) 0 952 amp 

{b) 1 917 gm 

(c) I 9048 volts 

17 

(a) 0 56 amp 

(5) 0 44 amp 


18 

(a) 0 283 amp 

(h) 7 ohms 


19, 

0*000001628 



20 

1 amp , 4 volts 



21 

A tenth 



22 

1 5 volts 



23 

1,136 ohms 



24 

58 



25 

(a) 0 416 amp 

, 0 0832 amp (5) 0 1113 amp m each 

26 

0 061 amp , 0 

0066 amp 


27 

0 0414 amp , 0 

' 029 amp 


28 

46 4 ohms 



29 

12 3 ohms 



30. 

1 5 amps, 4 per cent error. 


31 

0 06 per cent error 


32 

] ohm 



33 

(d) 7 695, 

(5) 30 5 ohms 


34 

3 417 ohms, 3 

783 ohms 


35 

0 202 ohm, current increased in ratio ot 40 

20 2 , 19 8 ohms 

36 

1 61 ohms, 2 2 b ohms 


37 

0 66 X 10“® amp per scale division 


38 

29 mm 49 sec 



39 

2 68 



40 

91 48 ohms 



41 

(a) 4,995 ohms 

(5) 9,995 ohms 


42 

(n) 1 344 pence 

lb) 0 48 pence 

(c:) 0 36 pence 

43 

72 19^ C 



44 

16 47® C 



45 

3 mins 42 secs 



46 

0 174 amp , 0 : 

27 pence 


47 

1,662J ohms 



48 

(d) 1 amp 

(5) ^ volts 

(e) 4 watts 

49 

0 26 pence 



50 

(a) 862 2 ohms 

(b) 62 87 watts 

(c) 0 827 c p per watt 


(d) 0 377 pence 


51 

4° C above surroundmgs 
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62 (a) 107 6 ohms (6) 668 6 watts (c) 0 6586 penae 

63 0 000284 

54 103 4 calories per minute 

65 (a) 513 1 ohms (6) 103 9 watts (c) 1 924 c p per watt 

(d) 0 623 pence 

56 1 4b watts 0 001957 h p 

57 (a) 26 ohms (b) 1^840 watts (c) 176 watts 

(d) as heat m resistance 

58 1,600 to 1 
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aardvark 961 
aberration of light 341 ff 
‘‘abnormal abdomen” mutant 1009 
Abraxas 992 f 
acceleration 252 ff , 282 
acceleration and change of speed 209 f 
acccleraDonSj triangle of 258 f 
acetaldehyde 612, 514, 510, 518 f , 521 
acetamide 612, 518, 623 
acetamlide 632 
acetates 602 f 

acetic acid 602 f , 506 f , 612, 514, 51(>, 
61S, 521 

acetic anhydride 618,522 
aceto-acetic ester 618 
acetone 512 ff , 51G ff , 521 
acttyl chloride 618, 522 
dcet>]enc 610 
Achard, F C 430, 498 
achromauc lenses 171, 334 
acid anhydrides 529 
acid chlorides 622, 529 
acids 4 19 

“acquired characters,” inheritance of 
863 f, 1061 f 
actinic light 174 t , 7 GO 
action at a distance 295, o 15, 072 f 
addition compounds 604 f 
adliesion 390 f 
adoption 1071 
adrenal gland 829, 811, 1043 
adrenaline 1011 
Adrian, h D 1012, 1038 
acoUpile 129, 560 
afferent nerves 1022ff 
agglutiruns 1007 f 
agonal lines 033 

Agncola, G 307, 40 1 f , 660 f , 6S8, 80 1 
agriculture SOGf, 810 f, S95, S99f, 
904 f , 922 f 

Agriculture, Boaid of 7S9 f , s99 f , 9 is 
agriculture, primitive 972 
air, weight of 302 f, 178 f, 122 
air pressure 378 f 
air pump 37G, 389 
air resistance 376 f 
alabaster 460 
albinism 1004 ff 
albumen 848 
alchemy 420 f 
alcohol, power 542 
alcohols 506 ff , 510 f , 51 5, 519, 528 ff 
alcohols, aromatic 510 f 
alcohols, radicles of 530 
alcohols, synthesis of 530 
aldehydes 61 1, 515, 619 ff , 529 
Alexandria 66, 77 f , 81 ff, 105 f, III, 
116, 120f, 134, 163, 200 ff, 229 f, 
243, 316, 361, 360, 368, 777, 793, 
928, 1020 

Algae 837, 839, 941 
Alger, J G 433, 643 


Alheuen 1 12 
aliment ity cinil 910 
all/ inn 497, 5 1s 

alkali industry 117, 1^9,4 11, 117 1 
alkalies 439 
alkilincair 42S 
alkaptonurn I0()l 
alkyl cjanidcs 50s, 5^2, 529 
alkyl halides 608, )ll s22, 529 
ilkyl radicle i (‘7 
illantois 18 jf 
alloxan 5 1 7,521 
^Imigesr US 
almanics lus, 12 1 
alternating cun cut 7 luff, 72(11 
alternvmg cunent (ilM round, 7 >0 i 
iltcrnition of genei itions sDf, 911 
9t5 

altitude 48, 1S5 
aluminium U 1, ((>8 if, 480 
amber () 10, (> lo 
Ambiystoma 1059 
amentia 1058 

i\mei go Vespuc>.i 81, ISO, 22s ( , 500 

Amherst, Alien 7sOff,sl2f, 107 > 

Amiei, G 13 ^ U 

amides 52 1, 529 

amines 52 I f , 629 

ammo acetic acid 518 

aminoacids 622, 905 

ammo benzene see aniline 

aminophcnol 635 

ammeter 70G, 709, 712 

ammonia 428, 439, 45 1, 485 

ammonia, composition of 617 

ammonium acetate 512, 618 

ammonium cyamte 499 if 

ammonium radicle 501 

ammon 848 f 

amoeba 8G3 f 

Ampere, A M 660, "39 

ampere (uni ) 659, 677 f , 7 U 

Amphibia 919, 911, 957 f 

amphfier 768 

amyl acetate 511 

amyl alcohol 611, 511, 621 

amylase 911 

anaemia 801 

anaestheucs 623, 87 Iff 

analogy 135,060,671 

analysis, gravimetric 4 13 

analysis, plant H9() f 

analysis, volumetric 44 J f , 46 1 f 

anatomy 792 ff 

Anaxagoras 1 1 5 

Andalusian fowl 976 f 

Andrade, E N da C 770 

Angiosperms 927, 910 f , 94 1 f , 91)0 

Angstrom umt 3 10 

angular diameter 1 37 f 

amline 531 ff, 535, 539 

anima 598 
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animal breeding i>71 1001 ff 
animals, classification of 9 31 fT 
aniridia 1065 
Annelida 933 f , 937 
annual rings S30 
anode 400, 077 
anther 827 f 
anthendia 836 
Anthiaume, I’Abbc 312 
anthracene 497, 538 
anthrax 878 ff 

anthropomorphism 1018, 1021 f, 1019, 
1044 f, 1048 
anti-cyclones 381, 572 
antimony 4 1 1 
antiseptics 4 97, 877 f , 88 3 
anti-toxins 884 
anus 797, 910 
aperients 128, 359 f 
Apollonius 202 
appendix 797 
Appert 807 f 
aqueducts 168 
Arab chemistry 361 
Arabs 106, 121, 132 f, 134, 202, 382, 
()31, 775, 777 f, 793, 928 
Aiachnida 9 37, 959 f 
archaeology 1080 f 
Archaeopteryx 957 f 
archegoma 8 37 

Archimedes 134, 24 3 f, 316, 368 
Archimedes, principle of 371 ff 
argon 488 

Aries, hrst point of 00, 91 f , 219 
Aristarchus 114f , 117, 179, 202, 215 
Aristotle 77, 20l f , 238, 251, 20l, 316, 
302, 307 f, 374, 378, 391 f, 402 f, 
419f , 018, 816 ff, 821 If, 827 f , 
855, 928, 1021, 1062, 1077, 1090 
Arkwright^s water frame 586 
armature 717 
Armimus, J 1049 
aromatic compounds 608 f 
aromatic compounds, synthesis of 5 3 1 ff 
irscnic 441 

arteries, pulmonary 798 f 
Arthropoda 9 37, 943, 969 f 
aruchokes 641, 909 
arullery 235, 237, 261 f , 307 
ascent of sap 82o 
ascorbic acid 91 5 f 
asepsis 877 f , 882 
aspirin 632 
Assyria 783, S24 
istauc couple 706 f 
Astcroidca 932 
astigmatism 160 
astrolabe 48, 61, 186 
astronomiCiil clock 2 35 
astronomiuU tables 108, 122 
asylums 1066 f 
atmosphere (umc) 381 
atmosphere of earth 397 
atomic models 489 f 
atomic number 490 
atomic weights 467 flf , 487 ff 


atomic weights, table of ^159 
atomism 392 f , 420, 450 
atoms 466 ff 
attention 1041 
attraction sphere 865 f 
auditory nerve 1034, 1038 
auricles 798 f 
Aves 940 

Avogadro’s hypothesis 456 f, 464, 475, 
477 ff 

axolotl 863, 1060 
azimuth 48ff,186 
azo compounds 632, 630 f 

Babbage, C , 616, 623, 713, 920 
Babcock, E B 1075 
Babylon 60, 64, 64 f , 329, 826 
bacilh 878 f 
Bacillus anthracis 879 
Bacillus hotuhnus 879 
Bacillus coh 879 
Bacillus diphthenae 879 
Bacillus pestis 879 
Bacillus radicicola 879 
Bacillus tetam 879 

Bacon, Francis 168, 216 f, 2 32, 236, 
647, 662 f, 808, 892 
Bacon, Roger 108, 132 
bacteria 612, 816, 863, 867, S78 If 
bacteria, culture of 879 f 
Bailey, C 643 
Baird, J L 767 
Bake well, R 815,1064 
baking powder 461 
balancmg 1032 jf 
Balantidium 864 
Ball, R S 351 
Balle, R 825 
balloon 419 f, 43b 
Banks, Sir J 928 
barbituric acid 617 f , 623 
barium 462, 474, 485 
barnacle goose 819 ff 
barnacles 828, 937 

barometer 379 ff, 390, 396, 55(>, 558, 
660 

bases 439 
Bassa, Laura 8()6 
bast 830, 894, 908 
Bateson, W 976, 984 f 
bats 866, 942 
Bayliss, L E 1075 
Bayhss,SirW M 1043 
Bayne-Jones, S 1075 
beans, heredity in 1063 
Beddoes, T 410 
bees-wax 6 1 3 
behaviour 1016 ff 
behaviour, heredity and 1062 f 
Beneden, E van 1052 
Bensaude, J 81, 352 
Bentham, G , and Hooker, Sir J D 
1075 

bcnzaldehyde 632 

benzene 496, 508 ff , 617, 631 ff 

benzene rmg 609, 631 f , 634, 637 f 
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benzoic acids *631 f , 634 ff 
benzoline 607 

benzyl alcohol 610, 631 ff , 636 
benzyJamine 633, 635 
benzyl chloride 632 ff , 635 f 
benzyl cyanide 636 
Bergius process 641 
ben "ben 916 
Berkeley, G , Bp 296 
Bernard, C 909 

Berthollet, C L 429, 430 f, 439, (.47, 
898, 1080 

beryllium 441, 486 
Bessemer, Sir H 47 1 
bicarbonates 461 f 
Bidwell,P W 1076 
Biedermann, W G A 1019 
bile duct 797 
bilharziasis 932 
Billingsley, J 94 S 

Bingham, A 1087 
biological control 907 f 
Bion 48 

birds 940, 942 f, 967 f 
births and deaths, registration of 792 
Black, Joseph 413 ff, 419, 422, 450, 481, 
680, 682 ff, 688, 590, 694, 696, 698, 
619, 895, 947 
Blackbarrow, P 634 
black mutant 097 
bladder 829, 841, 848 
Blanchard, J P 420 
blast furnace 361 
bleaching 436 f 
Bledisloe, Lord 966 
Bhgh, E W 782, 784, 1070 
Bhth, W 814 
Bloch, Marc 660 
blood, circulation of 41 J f , 790 f 
blood, colour of 413 
blood corpuscles 828 f , 83 1 
blood groups 1067 ff 
blood pressure 600 f , 804 f 
blood transfusion 1007 f 
Board of T rade unit 700 
boihng point 602, 666 f , 678 
BoiS'Reymond, R du 1031 
boll weevil 968 
Bond, H 634 
boron 441, 486 
bomlism 879, 883 
Bouguer, P 301 f 

Boulton, M 420, 429 If , 436, 438, 448, 
663, 583 f , 587 f , 597, 069, 1084 
Boussingault, J B 888, 900 f , 904 f 
Boven, T 1052 
bow fin 944 

Boyle, R 317, 365 f, 376, 389, 412 f, 
418, 422, 428, 438, 448, 652, 8l4, 
893, 1079 

Boyle’s Law 386 ff , 398, 424 ff , 477 f 

Brachiopoda 933 

brachydactyly 1065 

Bradley, J 342 ff 

Bradley, R 814, 825 f 

brain 1026 ff, 1042 


BranJy, E 765 
Bray, C W 1038 
breathing, mechanism of 3s 1 
breeding, stock 815 ft , 100 4 
Bremner, D 807 f 
brewing 128, 301, 473 f 
Bridges, C B 985, 991 
bristle worms 933 
British Thermal Unit 694, 604 f 
brittle stars 9 i2 
bromme 442, 486 
bronze 300 f 
Brouncker, Lord 408 
Browne, Sir Tliomas 195, 820 f 
Browmng, C H 1076 
Brunet, P 142, 352 
Bryophyta 941 

Biijffon, G L L , Comte de S(>5 

bulbs 834 

Bunsen, R W 409 

buoyancy 129, 100 ff 

Burdon-Sanderson, J S lOll 

burette 444 

BurgehB H 352 

Burnet, T 378 

Bury, R de 940 

bush sickness 905 

butane 621, 611 

butter, rancidity m 870, 87 1 

butyl alcohol 51 1, 5 1 ft, 621, 5 10 

butylene 610 

butyric acid 505 ff , i>n, 621 
butyrin 5 1 3 
buzzer 661, 052 

cable, electric 727 ff 

cadmium 473 

Caesar, Julius 06 

caesium 475 

caffemc 617, 1042 

caisson disease 802 f 

Cajon, F 346 

calciferol 916 

calcination 382 f , 427 f 

calcium 4 4 1, 407, 471, 48 ) f 

calcium ac ate 612,516,618 

calcium formate 512, 6 Ft 

calculus 296 

Calder, R 1081, 1088 

calendar 19, 35ff , OOff , 73f., 128 

calendar, correction of 65-68 

calendar monuments 65, 69 ff , 2 IS f 

calomel 359f, 402, 440 

caloric 698, 603 f 

calorie 694 f, 605, 029, 902, 900 

calorimetry 692 ff 

Calvm,J 411 

calx 420 f, 428 f 

cambium 830 

camera 163 

Camcranus, R J 823, 825 

Campbell, D 884, 1075 

canals 687, 949 f 

Cancer (constellation) 68 t 

candle power 172 

capacity and potential factors 0 >6 ff 
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capacity, electrical 644 ff , 658 f , 670 ff , 
726 ff, 768 f 
capacity, unit of 675 
capillaries 798, 800, 80 1 f 
capillarity 398, 893 
carbohydrates 600, 905 f 
carbolic acid 88^, see phenol 
carbon 441, 460 f , 4<S6 
carbon, forms of 454 
carbon assimilation sec photosynthesis 
carbon bisulphide 453 
carbon dioxide 414, 421 f , 42s, 450 f , 
895 ff 

carbon monoxide 170, 439, 451, 463, 457, 
49(), 802, 8H5 

carbon, oxides of 4 60 f , 4 53 f , 4 57, 50 > 

carbon, valency of 604 f 

carbonates 417, 436 f, 440 

carbomc acid 511, 520 

Carboniferous period 954 

carboxyl radicle 611 

Carlisle, A 619 

Carnot, S 611 

carotin 916 

Carthage 1 1 6 

cartilage 8 1 1 

Cartwright, E 685 

case i nogen 910 

Cassini, G D 285, 307, 315, 317 

Cassiopicia 21,29 

Castelh, B 5 56 

castration 85 1 

catapult 129 

Cavendish, H C 299, 418 f, 418, 4S(), 
035, 647, 669, 895 
C ivcndish laboratory 729 
celestial equator (equinoctial) 23, U 
celestial longitude and latitude 202 
cell 827 f , 843 
cell division 842, 855 f 
cell doctrine 983 
cell wall 856 

cellulose 521, 540 ff, 905, 907 
Cellulose acetate 522 
cellulose mtrates 522 
Celsius, A 562 t 
eentipedts 937 
centre of curvature 15 MT 
centrifugal force 276 f 
centrifugal motion 269, 272 if 
centrifuge 278 f 
centigrade scale 5i)2, 5s 1 
central nervous system 1020 
Cephalopods 935, 937 
Ccreana 844 

Cerebellum 1024, 1028, 1042 
cerebral cortex 10 19 
cerebrum 1024, 1028, 1042 
Cestoda 932 
cetyl alcohol 511 
Chaldees 4(>, 84 
chalk 440 

chameleons 1017, 1024 ff 
Champollion, J F loso 
change of state 695 
Charles, Enid 963 ff 
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Charles, J A C 420, 895 
Charles’ Law 424 ff , 445, 477 f 
cheese 891 

chemical industry, rise of 429 ff 
chemistry 358 ff 

chemistry and medicine 3 59 f , 402 
chemotherapy 885 ff 
chick, development of 829, 842 f , 

847 ff 

chicken-pox 884 
Childe, Gordon 770 
Childe, R 929 f 

Chinese 63 f, (>5, 329, 365, 406, 647 f , 
630, 800 
chitons 937 
Chlamydomonas 863 
chloracids 622 
chloral 514 
chloranilme 535 
chloretone 517 
chlorides 440, 462 

chlorine 416f, 440, 473, 4S5f, 490, 
539, 703, 885 

chloroform 503, 514, 517, 87(), SS5 
chloroformic ester 5 1 7 
chlorohydrms 614, 522 
chloronitrobenzene 515 
chlorophenol 635 
chlorophyll 830, 908, 912 
chloroplasts 830, 90S 
chlorotoluenes 531, 5 33, 536 
choke 726, 757 

cholera 789 f , 879, SS4 f , 886 f 
cholera, chicken 882 f 
Chordata 937 
chorea 1065 

Christianity and the cure of the sick 
778 tf 

chromates 411 

chromatic aberration 1 70 f 

chromatophores 1016 f 

chromium 441, 472 f 

chromosome map 99fff, 100 3, 10()7 

chromosome theory of heredity 9s 3 ff 

chromosomes 8 5 3 ff 

Cidenas t) 1 

ciha 8 31, S37, 863 f , lOK) 
circle, motion m 2()9, 272 ff 
circumpolar stars 23 f , 26 
citric acid 517 
citrus pest 968 
Clapham, J H 54 3, 770 
classification, biological 923 ff 
Claussen, R E 1075 
Clavius, C 08 
clay 441, 468 
Clayton, J 418 
Cleator, P E 302 f 
Cleomedes 84, 117 
clepsydra 229 f 
climate 660, 570 
clock escapement 270 f 
clocks 179, 22Sff, 280, 278 ff, 284 ff, 
294, 314 f, 307, 576 
clouds, types of 397 
clover midge 968 
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club mosses 9*413 945 
coal 404 

coal gas 4 1 8 f , 438, 4 0() f 
coal gas poisomng 802 
coalmining 364 f, 418 
coal tar 496 f , 53S f 
coal, work per bushel 597 
cobalt 489 
COCCI 878 f 
cochlea 1034 
cockles 935 
cockroach 859, 9 18 f 
Coelenterata 931 
Cohen, J B 643 
coherer 739, 742 ff, 755 
cohesion 39b ff 
Cole, F J 822, 1075 
Colhson 438 
colon 797 
colour 163 ff 

colour and wave length 336 ff 
colour blindness 1004, 1007 
colour response 1016 ff , 1025 ff , 1012 f 
Columbus, Christopher 81, 84, 100, 

117, 306, 649, 632 
Columbus, Realdus 798 
combination by volume 452, 451 ff 
combination by weight 4 50 Of 
combining weight 452 
combustion 401, 422 f , C19 
combustion and respiration 413 f 
communications I0b9 
commutator 051 
compass 306, 548 f , 030 ff 
Compositae 94 1 
compounds 439 ff 

condenser 645, 070, ()7 1 f , 726 f , 711, 
767 ff 

condenser, variable 757 f 
conditioned discrimination 1038 
Condorcet, M J A C 791 
conductors 637 f , 700 
congenital, meaning of 1050 
conjunction 180 
consanguimty 1006 
conscious behaviour 1011 
conservation of energy 690, 619, 901 
conservation of matter 393, 413, 904 
constant proportions 442 f , 450 
contracule vacuole 863 
convection 664, 673 
Cook, Capt J 790 f, 928 
Cooke, Sir W F 662 
co-ordination 1019 
CO- ordinauon, chemical 1041 ff 
Copermcan hypothesis 202 ff , 2 10 f , 
213 f 232 

Copermeus 117, 119 f, 179,307 
copper 441 

copper, early use of 360 
corals 834, 931 
com borer 968 
Correns, C 976, 982 
corrosive sublimate 402 
cortex 830, 894 
cosmetics 128 


cotyledons 924 f 

couple 062 f 

cousm marrnges 1000 

cow pox 883 

ciabs 937 

Crane, M B I0~) 

craiual nerves 1020 If 

Ciawford, A >9b t , bl9, 9t)2, on 

crayfish 9 16 

crcsols 496, ''do, 5 11, 5 0* 

Crete 782 t 

creunism s > J, 912, lu .s f 
Crew, F A F 107' 

Crmoidca 9 12 
critical angle U 1,147 
criucal tamper uu re 574 
crocodiles 9M) 

Crompte)!! muL 585 
Ciookcs, Sir \V s90 
crop rotition 810 1 , sM, s2 I, 888 f 
crossing over 9<>5 ff 
Crowther, J G U I , U8, 5 ( l f , » n, bl 2 f , 
01 51f , 01 1, 652, 71 I, 72711 , 712, 770 
C rusticc I 9 17, 9 1 1, 959 
Cryptobranchus 955 
crystal detector 705 f 
crystallization 12H, l()l 
Cte^^ibius 116, 551 
cucumber 827 f 
Cuenot, L 9S4 f 
cuhmnation of st irs 29, 89 
curare 885 

current, unit of (*59, 077 

cut ved mutant 999 

Cutler, W U K 1075 

cuttings 831 

cuttlefish 915,917 

Cuvier, G L , II iron 81 1, 020, 1021 

cyanacetic acid * 1 S 

cyanamide process 890 

cyonhydrins 51 1, 522 

cyanide radicle 503 

cyanides 8S> 

cyanogen 500 

cycads 940, 941, 060 

Cyclostoinata 9 IS t 

cycloid 289 

cyclones 381, 572 

Cyclops 937 

cytoplasm 855 

Dalenpatius 832 
Dalton, John 419 f , 616 
DanielJ, J F 676 
Daphnia 937 
Darbishire, AD 976 
Darby, A 434 

Darwm, Charles 920 f , 961, 903 f , 983 
Darwm, Erasmus 430 f , 119, 920 
Darwm, Major 1055 f 
date 824 f, 828 
day, length of 38 
day, solar and sidereal 60 ff 
Davy, Sir H 410, 448, 451, 467, 470, 
603 f, 614, 810, 649 f, 703, 713, 
739 f, 801, 876, 898 f, 901, 900 
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Deacon process 473 
death 648 

decimation 52 f , 68 f , 85, 87 f , 185 ff 
deficiency diseases 916 ff 
degradation of energy 620 f 
dehydrolysis 526 f 
Democritus 7b f , 393, 420 
density 371, 377 
density of gases 388 f , 456 f 
denudation 948, 950 f 
deposition 948, 950 f 
Descartes, Ren^ 135, 144, 285, 796, 
1014 

Deshayes, G P 954 
development 829 ff , 840, 842 f 
Dcville, St CLure 468 
Dewar, Sir J 574 
dew point 506 ff , 581 
dextrins 521 
diabetes 909 
diabetes insipidus 1005 
diaphragm 181, 797 
diarrhoea, infantile 884, 887 
diastase 474 

dia70 compounds 532, 538 
dichloracetone 5 1 7 

Dickinson, H W 435, 543, 561, 582, 
597, 770 

Dicotyledons 924 f , 927, 911 
dicyanacetonc 517 
dielectric 673 
Diels, M 643 
diffraction 745 
digcsuon 909 f 
digestive system 795 ff 
dihydroxyacetone 5 1 7 
Dinosaurs 958 
dip of strata 952 f 
diphtheria 881, 886 
diplococci 878 
direct current 717 ff , 72 1 
discharge tube 761 ff 
discrimmation of pitch 1038 f 
diseases, epidemic 790 f , 870 ff , 882 ff 
diseases, sporadic and endemic 1059 
Disraeh, Btnjamm 921 
dissociation m solution 481 
distillation 128, 3bl f 
divmg 802 f 
diving bell 391 
dizzmess 1032, 1035 
Dobell, C 132, 352 
dog 972 
dogfish 1033 ff 
dog*s mercury 828 
Dollond, J 334 
domestication of animals 971 f 
dommance 973, 976 f , 978 f 
dommant hereditary conditions m man 
1065 ^ 

Doncaster, L 992 
dopmess m sheep 965 
Doppler effect 321, 327 f , 340 f , 349 
Draco 21, 66, 64 
dnU 894 

Drosophila 868 f , 986 flf , 1062 f , 1069 


Drosophila, chromosome map of 1003 

drought 960 

drugs 497, 885 ff 

dryness, sense of 1019 

duck-billed platypus 930, 940, 944 

ductless glands 796, 852, 1042 f 

Dumas, J B A 900 

DOrer, Albrecht 67, 109, 793 f 

dyes 497, 532, 538 ff 

dynamics 307 

dynamite 611, 617 

dynamo 716 ff 

dyne 257, 308, 601 

dysentery, amoebic 884 

dysentery, bacillary 885 

ear 320 f 

ear, internal 1032, 1034 f 
earth, axial motion of 281, 286, 302 ff, 
307, 563 ff 

earth, mass of 298 ff 
earth, orbit of bl f 
earth, shape of 4b 
earth, size of 82 ff , 1 29 
earth circuit 738 
earthworms 934 
ebony mutant 987 ff 
Echmodermata 932 f 
Echmoidea 932 
echoes 129 

eclipses 44 f , 128, 30b, 315 
eclipses and determination of longitude 
80 f, 131, 179 f 
ecliptic 31, 40 

echpuc, obhquity of 40, 63 f , 61 f , 128 
ecology 9b4 ff 
economics 217, 427, 622, 624 
Eddington, Sir A S 1045 ff 
Edison, T A 662 f 
education 682 f, 1013 f, 1054 f, 1072, 
1074 f, 1082 

effector organs 1016, 1019 
efferent nerves 1022 ff 
efficiency of engme b08, 613 f , 029 
egg 822, 841 ff 

Egypt 51, 64, 60, 65 f , 181, 201 f, 215, 
360 f, 368, 782, 823 f 
Egyptian year 30 
Egyptology 1080 
Emdioven, W 1038 
elastiaty 396 
electric arc 650, 652 
electric battery 648 f , 676, 704 
electric bell 661, 653 f, 710 
electric charge 638 ff , 657 ff , 674 f 
electnc current, chemical effect of 647, 
649, 651 f, 677 ff, 701 ff 
electric current, heating effect of 649 f , 
662, 677, 685, 694 ff 

electric current, magnetic effect of 
649 ff, 706 ff 

electnc current, measurement of 659, 
670, 677 f 

electnc dUscharge through gases 760 ff 
electnc eel 1016, 1021 
electnc lamps 699 f 
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clcctnc lighting ' 650, 652, 684 f , 696 f , 
699 f 

electric motor 710 fF 
electric spark (42 f , 646, 726, 740 ff 
electrical attractionSj measurement of 
667 ff 

electrical equivalent of heat 696 
eiectncal machines 036, 642 ff 
eleancal power 735 
eleancal power, umt of 096 f 
electrical units 734 f 
eiearicity, current 048 ff , 664 
electricity, fluid analogy 058 f, 070 f, 
677 ff, 092, 696 

eleariaty, fricuonal 636 ff , (>64 
electncity, fricuonal and current, com- 
pared 664ff, 725f 
elearicity and chemistry 647, 049, 077 
electricity meter 711 
eleancity output of different countries 

719 

electricity, positive and negative 01 1 
electrode 466, 677 
elearolysis 466 f , 649, 678 f , 701 ff 
electrolysis, laws of 702 
electrolytes 467, 480 
electromagnet 661, 707 ff 
electromagneuc inducuon 715 ff, 

720 ff, 738 f 

electromagnetic radiations 753 ff , 700 
electromotive force 658 f , 0S9 f 
electrons 489 f , 703 f , 707 
elearophorus 0 12 
electroplating 400, 052 f 
elearoscope 641 f 

electrostatic induction 0J7, (> to ff , 

667 f , 672 f 
elements 439 ff 

elements, known jn eighteenth century 
441 

elements, the four 4 1 9 f 
elephantiasis 932, 9()7 
Elmbeth, Queen 295, OU, 63b 
Elliot Smith, Sir G 22, OS, 360 
elhpse 211 ff 
Ellis, John 865 
embryo 847 ff 
embryo of man 941 
embryo sac 832 f, 915 
Empedocles 378 
encephalius 884 

endoerme glands see ductless glands 

endodermis 894 

endolymph 1034 

energy balance of body 902 ff 

energy concept 619, (j21 

Engels, F 616 f 

ensilage 966 

environment, antenatal 1059 

environment, differences due to 1057 ff 

enzymes 473 f , 910 f 

Epicurus 393 

epicycles 202 f 

epidermis 830 f , 907 f 

epithelia 844 

Epsom salts 360, 460 
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equinoctial jee celestial cquUor 
equinox 38f,95 

equmoxes, precession of (>lf, 128, 

218ff 

equivalent wcitfln 152 
Eratosthenes Vi, si ff 
crcpsin 91 1 
erg 001, 005 
ergot S()3 

Lnccson, I lef 6IS, (iM 
Ernie, Lord (ff rot hero) ^11, f, lOoi, 
1075 

essences 611, i)I3 
esters 511,513 
cthine 60s, 612, 6|u, 5 is, 521 
ether, the 77(i 

ethers 611, .)2), S75f 
ethvl aect itc I s h 612 
ethyl iLtto aeentc 510 
eth>J alcohol 50()f, 612, 5i|^ 5ffi, 619, 
621 

ethyl bcn/cnc 609, 641 

ethyl butv rate 511 

ethyl cy mide 5 1 1 

ethyl ether 51 ’ff 

ethyl formate 511 

ethyl iodidc 5it 

ethyl malonatc 5ty 510 

cthylamint 6(2, >ls 

ethylene 119, 501 f 5I(), 61 1, 61(, 

ethylene compounds 5()|, 51 l 

Luelid 1(*9, lit 

EuctLinon (i5 

Eudo'ius 97 

eugenics 105 5 if, 107 ’f 

1 uryptends 959 f 

1 ustachian tube 10 M 

cvipan 52 1, S70 

evolution 920 ff , 9() \ f 

excretion 9111 

expansion, coellieients ol '>7'" 

expansum joint *>77 

expansion of solids 575 IF 

expeditions, biologic d 929 f 

exphnation 25If,IOI(> 

explosions ‘HHf 

explosives 104,406 f , 497, 511, 522, 5|2 

eye, compound 941) 

eye, motor nerves ot 1027 

Fabricius, H 411 f , 798 
facts 349 
Fahie, J J 770 
Fahrenheit scale 662,681 
Fairchild, Thomas 826 f , 972 
Falconer, J J 1076 
falling bodies 261 f , 362 f , 300, 389 ff 
Faraday, Michael 344, 448, 632, 616, 
657, 677, 702, 7) 4 f, 718f, 722, 
737 ff, 745, 747, 749, 763, 900, 

920 

Farey, John 948 
Farrmgton, \^ 60> 74 

Fascism 1014, 1081 ff , 1086 
fats 600, 613, 906 f 
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fatty aads 606 ff, 611, 518, 620 f, 629 

fatty acidSy synthesis of 530 f 

fatty bodies 841 

faults, geological 961, 963 

Fermat, P de 286 

fermentation 499, 870 

ferns 834 ff, 941, 944, 9(>0 

Ferrand, G 362 

fertilization in animals 828, 840 ff , 

866 f 

fertilization in plants 814 f, 823 ff, 
832 ff , 846 

field strength 672 f , 676 

Filaria 932, 9G7 

filter passers 884 

Findlay, A 643 

fish, heredity m 1062 

Fishbem, Morns 876 f,1075 

fishes 939, 913, 958 

fixative 838 

fixed air 414, 428 

Fizeau, A H 745 

flagella 863 

flame tests 462, 474 

Flamsteed, J 200, 317 

flat worms 931 

flea 886 

Fleming valve 76() 

Fleming,; A 741, 770 
Flint, W P 1076 
Florentine academy r)()0, 5(»2 
Flourens, M J P 1012, 1046 
flower 827 f, 941 
fluids, mechames of 36() ff 
fluorine 442, 486 
flywheel 600 ff 
Focke 982 
focus 1 54 f 
Fol, H 810,814 
food 903 ff 
food as fuel 902 ff 
food preservation 867 f 
foot-pound 602 
foot-poundal 602 
1 oraminifcra 86 4 
Forbes, A 1038 
force 246, 250 f , 308 
force, hnes of 672 f 
force, unit of 257, 602 
force and work 605 f 
formaldehyde 512 ff, 510, 518, 621, SS5 
formic acid 503, 605 5, 512, 516, 518, 
621, 626 

formulae, chemical 459 f 
fossils 946 ff, 953, 965 
Fothenngham 64 
Foucault, L 334, 745 
Foucault*s pendulum 303 f 
Founer, J B J 1080 
fowls 966 f 

fowls, heredity in 977, 979 f , 989 f , 
993, 1058, 1060 f 
I ox, H M 842, 1076 
Fracas tonus, H 790, 946 

Franklm, Beniamin 420, 431, 449, 684, 
617, 643 f , 868f 
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free trade 914, 1086 * 

freezmg mixture 595 

French revoluaon 432 f 

frequency 320 f 

frequency of vibratmg string 326 

Fresnel, A 334, 74 5, 753 

friction 242, 606 f 

friction, air 267 f 

Friedreich’s ataxia 1065 

frog 939, 1018, 1042 f 

frog, development of 845 ff , 850 ff 

frog, reproduction in 839 ff 

frog, skm of 831 

fructose 617, 641, 909 

fruit fly see Drosophila 

fruit trees 860 f 

Frye, Thomas 438 

fuel, cosang 597 ff , 607 f , 612 ff , 620 
fungi 839, 867, 94 3 
Furnas, C C 107(> 
fuse 697 

g 255, 287 ff 
galactose 62 1 
Galapagos Is 9()1 f 
Galen 793, 796 ff 
galena 440 

Galileo 133, 232, 238, 251 f, 25tf, 
257, 261, 267, 283 ff, 295, 306, 315, 
317, 352, 362 f, 3(>6, 368, 412, 560, 
606, 798 

Galileo, his telescope 166 f 

gall bladder 797 

Galton, F 1063 f 

Galvani, L 648, 1021, 1028, 10 30 

gallium 488 

galvanometer 666, (>89 ff , 706 ff , 71 

gametes 827 

gamma rays 489, 760 

ganglia 1022 f 

gapes 968 

gardens 780 ff , 812 f 
Gartner, C F von 974 f , 982 
gas constant 478 f 
gas laws 477 ff 
gases 362, 404 
gases, diffusion of 475 f 
gases, expansion of 424 f 
gases, lomzaaon of 489 f , 701 
gases, measurement of 416, 424 f 
gases, solubihty of 568 
gasoline 507 

Gassendi, P 285, 307, 317, 393 
Gastropods 934, 937 
Gauss, K F 738 
Gay-Lussac’s Law 454 
Gemma Fnsius 284, 306 
genes 990, 1062 
genes, differences due to 1067 ff 
geocentnc hypothesis 117 ff, 200 ff, 
232 

geographical distribution of organisms 
961 ff 

geography 46, 74, 121 f, 357 
geological map 960 ff 
geological penods 954, 966 
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geological SUCLcSsiOQ %0 ff 
geological succession of fossils ‘)53, 955 
957 

geological time scale 964 ff 
geology 946 ff 
geometry 68, faO 
georeceptivity 1032 
geotaxis 1032 f 
Gerard,! 819 f, 923, 926 
Gerard of Cremona 104 
Gencke, W F 918 f 
germanium 488 
Gilbert, Sir Henry 901 
Gilbert, William 250, iO-j, (ill if, 
747 

Gilfillan, SC 648 f , 770 
gill arches 861 f 
gill clefts 860 ff 
gills 860ff, 938ff 
gills of embryo 941 
Ginkgo 940 
Gladstone, W E 921 
glands 1016 

glands, of mtemal sccrcuon see ductless 
glands 

Glanvill, Joseph 402 
glass 170 f, 316, ]()1, 141 f 
glass manufaaure 679 t 
Glauber, J R 100, 407 f, 116, 4 19, 
484, 888, 892 
Glauber’s salt 4 10 ff 
glaze, Icadless 4 10 
glucose 600, 621, 541 
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glycerme 613, 617 
glyceryl butynn 617 
glyceryl trichloride 617 
glycolhc acid 611, 61 h, 620 
glycollic aldehyde 602, 620 
glycols 611, 614, 520 
glycogen 909 
gjyoxal 620 
glyoxalic acid 620 
Goddard, J 40 S 

Goethe, J W 920 
goitre 863, 912 
gold 441 
gonad 841 
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gonorrhoea 879, 88 if 
Googe, B 813 
Goss 974 r , 982 
Gothem, M L 813, 1070 
Gouldsdon 410 
governor 277 f 
grafts 8 14 
gram 267 
Grammae 94 1 
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Gras, NS B 810 f, 1070 
Graunt, J 789, 792 
gravitation 255, 296 ff , 307 f , 035, 

060 f 

gravitational field 001 
Gray, J L J 048 
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Gregory, R 362 
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554, 01(>, 042 f 
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gullet 797 

gunpowdt r 235, sOl, 400 If, ill, Us, 
429 

Gymnosperms 9 10 
gypsum 4 19 
gyrostu 105, 308 

Haber, F 891 
Haddon, A C 1051 
Hadley, H L 161,611,770 
Hieckel, F 921 f, 1011 
haemocyamn ^')l f , 912, ssl 
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liaemophilii lOol, loot, 10()7 
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Hakluyt, Richard lOii t , I2(>t, 612, 
352, 929 

Haldane, J B S 903 f , 1 00 1 
Haldane,! S 801 
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Halley, h 290, 1!7, 6(» (, 14, 789, 792 
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HasweIl,WA 1076 
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Hawksbee, P 016, 637, 643 
Health, Board of 789 
hearmg 1014, 1018 
hcan 411f, 797ff, 1019, 1027, 1016 
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heat and chemical change 423 
heat, “flow” of 698 f 
heat capacity 670 f , 590 f , 601 
heat, measurement of 666 f , 660 
heat, mechanical equivalent of 608 f, 
603f,614f,619f, 624f 
I heat potential 690, 699 f 
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heaths, reclamation of 905 
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heredity 973 ff 

heredity, particulate theory of 975 

heredity in man 1001, 10(> Iff 

heredity and environment 851 f , 1( 1 19 ff 

Hero 218, U(), 551, 556 

Herodotus 82 5, 946, 01 S 

Herophilus 1020 

Hertwig, O 8 to, H44 

Hertz, H R 763 ff 

Heterodera 932, 008 

heterozygous 978 

Hevel, J 236 

Hexapoda 937 

Hicks, J R 427 

Hindus ()5, 121 

Hipparchus 04, Sl_, S4, 07, 105, 10s f, 
113, 110 f, 120, 170, 202, 200 
Hippocrates 776, 793 
Hirudmea 93 1 
histaimne SS5 
Hitler, A 891, 1081 
Hobbes, Thomas 241 
Hofmann, A W 610 
Hofmeister, W 83 1, S44 
hollow planet paradox 008 t 
holly 828 

Holmes, A 960, 1076 
Holmes, O W 876 f 
Holmgren, I 1032 
Holm^ard, E J 644 
Holothuroidea 93 1 

Home, Francis 415 If, 415, 437, 806, 
809, 947 

homozygous 978 
homunculus 832, 844 
Hooke, Robert 200, 201 ft, 307, 352, 
120, 384, 380, 413, 428, 654, 656 ff , 
072, 800, 814, S28, 803, 940 
Hooke, S H 51, oo, 352 
Hooke’s Law 200 ff , 320, 32o, o23 
Hopkms, Sir F G 807 
horizont^ plane 2o f 
hormones 1042 f 
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horn Sliver 440 

horse power 613 f , 629 

horses, fossil 958 

horsetails 941, 945, 960 

horticulture 7h0 ff , 811 f , 97 1 f , 9S2 f 

hospitals 779 f, 792, 876 f 

hot water system 673 

hour 40 

hour angle 50, 196 ff 
Houstoun, R A 351, 543, 770 
Howard, John 791 
humamtariamsm 1050 
Humphrey, J H 921 f 
Hunt, Dr James 1053 
Hunter, John 806 
Hurst, C C 976, 1071 
husbandry, beginmngs of 776 
Hutton, James 596, 947 f , 954 
fluxley, J S 903 
Huxley, T H 352, 906, 921, 1014 
Huyghens, Christian 212, 27S, 284 ff , 
290 f, 294 f, 307, 317, 330, 333 ff , 
746, 822 

hybrids, sphttmg of 974 
hybridizaUon of plants 825 f , 972 ff 
Hydra 932 

hydracryhc acid 611, 520, 522 
hydraulic organ 129 
hydraulic press 370 f 
hydrocarbons 496, 60(>ff, 521, 629 
hydrocarbons, syntliesis of 631 
hydrocarbons, unsaturated 610 
hydrochloric acid 428, 437, 461) 
hydroc 3 ^amc acid 603 
hydro-electric power 718,726 
hydrogen 419, 496 
hydrogen electrode 704 
hydrogen, liquid 678 
hydrogen peroxide 885 f 
hydrogen, preparation of 419 
hydrolysis 626 
hydrometer 376 f 
hydrophobia 88 If 
hydroqmnone 635 
hydroxy acids 511, 519 f , 522 
hydroxyl radicle 610 
hydroxyphenols 535 
hyperparasitizauon 9(>9 
hypnosis 1041 
hypothesis 118, 329, 349 


iceberg 373, 376 
ice pail experiment 657 f 
idiocy, amaurotic 1061, 1066, 1069 
idiocy. Mongo ban 1061, 1069 f 
image, virtual and real 137, 152 
immumty 883 ff 
inbreedmg 1062, 1071 
mclmcd plane 249 f , 263 ff , 308 
India, ancient 784 
mdigo 639 f 
mdium 476, 486 
mductance, vanable 75b f 
mducuon, electromagneuc 7 16 ff , 720 ff , 
738 f 
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induction, electrostatic 637^ 639 fF , 657f 
induction, magnetic b 
inducuon coil 722, 726, 741 f 
industrial revolution 433 
industries, old and new 1083 
inertia 239 f , 267, 020 
inertia, electrical 727 f , 740 f , 767 f 
inertia, moment of 009 ff 
infectious diseases 790 f , 870 If , S77 ff 
882 ff 

influenza 884 

infra-red radiations 174 f , 700 

Infusoria 863 

Ingen-Housz, J 805 

inhibition 1041 

insect pests 907 ff 

insecticides 069 f 

insects 803, 937, 913, 950 1 , 10 

insemination, artihcial 801, 80(> 

instinctive behaviour J 0 iO 

insulators, 637 f , 700 

mtelligence, heredity and 1070 ff 

intelligence tests 1072 

interference 121 f , 125 f , ff , 7 1 5 f 

internal combustion engine 7 19 t 

intestine 797, 910 

introspection 1 04 1 f 

muhn 641, 900 

invar 677 f 

inverse square law 295 ff , 635, GOO ff 

Invisible College 652 

lodme 442, 485, 489, 885 

iodine requ rements 862, 912 

iodoform 603, 514 

ions 480 f, 701, 703 

Indaceae 941 

iron 441, 471 f 

iron, early use of 300 t 

irngauon 308 

island hfe 001 f 

isobars 672 

isocyanides 623 t , 629 

isogonal lines 033 

isolates 1088 

isotherms 672 

isotopes 490 f 


Jackson, Capt 7 55 
James, C 806 
Jardine, Prof G 51 1, 770 
Jeans, Sir J H 351 
jelly-fish 931 
Jenner, E 883 
Jennings, H S 1051 
jewels 128 

Jews 104, 100, 131, 775, 777 f 
Jolly, P 1038 

Joule, J P 603 ff , 016 f , 619, 677, 685^ 
696 

Joule’s Law 695 
Julian calendar 66 
Jung, J 924 
jumper 940 
Jupiter 181 f, 216 

Jupiter, moons of 133, 306, 314 f , 329 


kangaroos 90 1 
Kant, I 1040 f 
kathode 4()(>, 077 
kathode stream 7(> ’ f 
Kay, J 4inf, 5n 
Ka/wim 826 

Kcir, James 417, 129, i 9), 431, 4 17 t 

Keiselgulir 611 

KeKin, Lord 727 ff , 751, 92) 

Kepler, J 111, 135, *45. 210, 212, 21s, 
2 12, 295 ff, 107, t nO 
Kepler’s Laws 2 1 5 f 2 12, 29 5 (1 , los f 
Kepler’s tolesci pc 105 1 
kerosene 507 

ketones >1 k 51 5, 5IS 11 , >21,529 


kidney 829, 912 


kinetK cnc»‘^> 0U8, i)29 


kuig-eribs 9 17 


kiwi 91 1 


knet jerk hy'k 10 h> 


Knight, Ihos sI4f, 

s2i», SU, s<)7 

97 k 9S4, 1079 


Knowles, L C A 611, 

, 770 

Koch, R H7S, SSO 


Koclieuur, J S2(), ‘)S2 


Kohlraiisch, R 751 


KOlhkcr, A SU 


Krudl 1015 


Kroeber, Prof lOii 


krypton 4ss 


labour theory of vilue 

917 

labyrinth 10 i 1 


lactta^s 911 


lactic acid 611,6191, 

870 

La Meltric, ] 0 de i> 

IS 

Lamarck, J R P 8 5 1, 

920, 1051 

Lamellibranehs 93 9 

37 

lamprey 828, 918 


lamp shells 9G 


Lapla.e,P S 111, OOi 

), 019, 902 

larva 862 


larynx 797 


Lassone, J M h de 

. 19 

latent heat 581, 69*17 

,i]9 

laterailinc 1018 


latitude 10, 54 ff , 105 

f , 129 

J ititudc, celestial 105, 

220 ff 

latitude, determination 

ol 71, 70, 87 f 


97 f, 122 f, 195 f 
Laud, Abp 1049 
laughing gas 451, 15 k 875 
I avoisier, A L 428 f, 11*^, 160, 499, 
690, 59S, 014, 019, 800, 806, 895, 
902 f 

law, scientific 1 11 ff , 1077 
Lawes, Sir J 901 
Lawrence, W J C 107 5 

Laxton 974 f,0S2f 
lead 440 f 
lead alloys 473 
lead compounds 4 Mi f 
leaf, structure ot 907 f 
leaf-hoppers 90S 
learning U)19ff 
Leblanc, N 436 ff 
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Leblanc process 429, 437 f , 470 
lecithins 500, 906 
Lecky,WEH 395, 64 1 
Leclanch^ cell 704 
leeches 934 

Leeuwenhoek 810, 816, 822 f , 828, 832, 
844, 863, 805 
Le hort, Leon 877 
legumes 888 ff 

legumes, root nodules of 889, 924 

Leibnitz, GW 290 

Le Loss 438 

Lenm, N 891 

Lennard, R 808 

lenses 168 If 

lenses, magmfication of 101 
Leonardo da Vmci 218, 791 
leprosy 786 
Leucippus 393 

lever 129, 243 ff, 308, 501, 0()1 
levose 641 
Lewis 164 

Leyden jar 044 ff , 673, 739 ff , 760 

bee 88(5 

Iichenes 943 

Lidbetter, h J 1071 

Liebig, J von 18, 434, 901, 905 f, 909 f 

life, expectation of 880 f 

life insurance 789 

bght 314 ff 

hght and sound compared 745 

light, animal 800, 1016 

light, dispersion of 168 ff 

bght, speed of 307, 329 ff , 753 

light, straight line propagation of 67, 1 10 f 

bght and oscillatory currents 761 

bght intensity 171 f 

light rays 134, 152 f 

light waves 332 f , 348 f , 7()0 

lightning 043 f 

lightning protector 742 f 

LiUaceae 941 

Lillie, h R 107(. 

lime 41(> f , 400 f 

I iniulus 969 f 

Lind, J 790 f 

linkage groups 999 

linkage, ordinary 997 ff 

linkage, sex 091 If 

Linnaeus, C 417, si i, 92(), 9 9) 

Imseed oil 613 
lipase 9 1 1 
liquid air 674 
liquid pressure 3()0 f 
litharge 440 
lithium 480 
bver 790 f , 909 
liver fluke 911 f , 907 
hver worts 830 838, 941 
hzards 940 
‘lobster claw” I00 5 
lobsters 037 
Lock, R H 97() 
lock-jaw 879 

Lockyer, Sir N 60, 00 , 71, 21h, 224 f, 
362 
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locusts 968 
lodestone 548, 630 
Lodge, Sir O 755 ff 
Loeb, J 845, 1022 
logic and fact 217 
Long, C W 87 5 f 
longitude 129 
longitude, Board of 294 
longitude, deternunauon of 79 ff, 87, 
90, 106 f, 122 f, 133 f, 179 f, 22s, 
285, 294, 306, 314f , 033 f 
loud-speaker 689 
Lower, R 413 
Lucretius 393 ff, 1079 
lunar distance, method of 104 
Lunar Society 430 ff 
Lunardi, V 420 
lung fishes 944, 968 
lungs 383, 797, 801 f 
Lyell, Sir C 940 ff , 954, 1070 
lymph glands 
lymphaucs 91 1 
lysol 885 

McClung, R K 984 
Macdoncll, A G 1080 
Macfarlane, G 083 
MacGregor 436 f 
Mach, E 251 
MacKie, D 498 
Maestnehte 438 
Magellan, F 306 
Magendie, F 102 J 
magenta 632, 539 
magnesium 408 ff , 48() 
magnesium methyl iodide 610, 522 
magnetic attractions, measurement of 
060 ff 

magnetic decimation 632 ff 

magnetic dip 0 32 f 

magnetic field 062 ff , 747 f 

magnetic field of earth 0()4 f 

magnetic field round current 7(r 

magnetic induction 6 30 

magnetic moment 0() 3 ff 

magnetic polarity 636 f 

magnetism 306, 630 ff 

magnificauon 168, lot 

maize 917, 1000 

malachite 360, 440 

malaria 790, 884, 886, 907, 100 I 

Malcolm, W 814, 973 

mabc acid 520 

Malmowski, B 816 

malonic acid 611, 618, 523 

Malpighi, M 800, 80 3, 829, 912, 924 f 

malt 473 f 

Maithus, TR 791, 901 
maltose 911 

mammals 848, 927, 040, 943, 958 
Manchester Philosophical Soaety 449 
manganese 44 1 
Maniell, C L 408 f,644 
mantle 934 f 

manures 407, 415, 892 f, 895, 898 f , 
901, 965 
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maps, early 75/ 105 f 

Marco Polo 366 

Marconi, G 765 f , 764 

Margraf, A S 498 

Marguet, P 81, ISO, 362 

marine acid air 428 

Marinus of Tyre 105 

Mariotte, E 386, 388 

Mars 181 ff, 206 ff, 210, 212, 214 ff 

marsh gas see methane 

Marshall, A 807 

Marshall, Arthur 406 ff , 644 

Marx, Karl 393, 870 

mass, umts of 257 f 

mass and weight 248, 250, 291 f 

mass action 481 ff 

Masson, Irvme 644 

matches 438 

materialism 393 f, 1014 f, 1621 
mathematics 82, 109, 120 f, 237, '29t 
mauve 497, 639 

Maxwell,! C ■'lOf, 739, 750 ff, 1011 
Maxwell, S S 10 G 
Mayas 183 f 

Mayer, R 614 f, 619, 624 f , 906 
Mayow, John U3 f , ^<00 f , s&8, SU2 
measles 881, hM 
mechamcal advantage 243 f 
mechames 238 ff , 242 ft 
medical schools, early 778 
medicme and science 128, 359 f , 775, 
809, 887 
mediaal 523 

megaliths 69 ff , 218, 225 f 

megaspore 83 i 

MeUor, J W 470, 643 

melting pomts 578 

Melville, R D 394 

memory 1040 f 

Mendel, G 922, 976 ff 

Mendel’s First Law 978 

Mendel’s Second Law 981 

Mendehan factors 977 ff 

Mcndelian ratios 976 ff 

Mendeljeflf, D J 485 f , 488 f 

meniscus 396, 398 

menstruation 841 f 

mental defect 1066 f 

mercury, chlorides of 402 

mercury (metal) 396, 441 

Mercury (planet) 181 f , 210, 212 f , 210 

mendian 23, 26 f 

meridian, fixing the 37 

Mersenne, M 284 ff , 307, 317, 329 

mesitylene 617, 619, 637 

mesoderm 849 

mesoxahcacid 617 

metallic ores 369 ff 

metaUo-organic compounds 622 

metals, extraction of 420 f 

metals, hght 467 ff 

metals of ancient world 359 

metals, reduction and assay of 128 

metamorphosis 862 f 

metaphysics 296 f 

Metcalf, C L 1075 


meteorology 536 ff , 572 f 
methane 439, 496, 603 ff, 612 5i(, 618, 
521, 626 

methane, composiuon of 452 f 
methyl acetate 512 

methyl alcohol r)06f, 512, 516, 518 f, 
521, 52b 

methyl bromide 512 
methyl chloride 503 
methyl ether 612,516 
methyl formate 602 
methyl iodide 603, 516 
methyl isocyantde 512 
methyl radicle 609 
mcthylamine 51 \ 51 S 
Meton 65 
\leycr, E 352, 4s5 
nnero farad 675, 75S 
microplionc 6ss f 

microscope 132, 1()6 ff , slO, 815 f, 
812, 930 f , 1020, 1022 
microscope slides 8 18 f 
microscopic vision, limits of ss I 
microtome 838 
Miller, P 814 
Millington, Sir T 823 
millipedes 937 
millstone grit 9o4 

mincrpl requirements of body 912 ff 
miniature mutant 996 f , 99<) 
mming 363 ff , 40f f , 1 ll) f , 550 f , 554, 
801, 948 f 
Mirabibs 976 
mirrors 128, 151 ff 
minors, spherical 1 53 ff 
mirrors, spheric il, magnification of 158 
mitosis 855 f 
Mivart, St G 1054 
Mohammedan calendar 6 j 
Moillet, A 644 
mol 468, 478 

molecular weight 456 ff 479 ff 
molecules 456 If 
Mollusca 934 f , 937 
Molluscoidea 933 
molybdenum 473 
moment 692 ff 
moment, magnetic 663 ff 
monammoacetic acid 522 
monasteries 778 ff 
monobromobenzene 532 
monochloracetic acid 518 
monochlorbenzene 531, 631 
Monocotyledons 025, 927 941 
Montgolfier, J M 419 
month 27 ff 

month, sidereal and synodic 103 f 

moon 26, 27 ff 

moon, distance of 1 1 1 ff 

moon, harvest 101 

moon, nodes of 44, 46 

moon, phases of 100 ff 

moon, retreat of 29, 100 f 

moon, rising and setting of 100 f 

moon, size of 1 1 1 ff 

Moray, Sir R 82 J 
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Moreland, S 826 f , 8U 

Morgan, J L R 986, 907 

Monson, Robert 924 

Morley, S G 352 

Morse receiver <)63, 707 

mortalitv bills 789 

Morton, W 1 G 87 5 f 

mosaic disease 8S0, HS4 

mosquito HSi> f , 907 

mosses 830,838^941 

moth balls 490 

motion, relative 2b3 

motion in p circle 209, 272 ff , 108 

motion, m straight line, rules 258 

motion, periodic 279 R 

moulds H19, 870 f 

Mucor 8 19, 87U 

mulberry 823 f 

Mulkr, H J 985 

Muller, J 1023 

multiple proportions 150 f 

mumps HS 4 

Munro, J W 9()7 

Muntz, A 88S 

Murdock, W 138, 583 

muscle tibrcs 

muscles 7'i5f, lOlO, 1025 
music 1‘29, 110 
mussels 915,9 17 
mutations 9() J 
Mynipoda 9t7, 900 
myncyl alcohol 5M 

naphtha 507 
niphthalcnc 490, 53S 
natural resources, local and universal 
357 IT, 507, 512, 720, 890, 914 f, 
919, 1005, 1085 
natural rights 1050 
nitural selection 9(> 1 f , 1051 
nature and nurture 1019 ff 
N iLidin, C 97 1 f , 982 f 
navigation 121 tT , 129, 131 ff , 100, 194, 
290, 100, 547 11 , 557, 600, 030 If , 
722 

Needham, John 806 
Needham, Joseph 396, 511, 023 t 
Nef, J U 303ff , 433 f , 544, 770 
negro 1053 f 
Nematltclmmthcs 932 
Nematoda 932 
Nemcrtinea 932 
neon 4S8 

neon lamps 701, 707 t 
ncosalvarsan 880 
ncoteny 1069 
nerve degeneration 1024 
nerv'e hbres 1022 f , 1026 f 
nerve physiology and electrical invcn 
uons 1021, 1028 f, 1030 tf 
nerve roots 1022 ff 
nerves 1020 ff 

nerves, elecuical changes in 1030, 
1036 f 

nervous impulse 1020, 1028 ff 
nervous impulse, speed of 1029 ff 
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nettles 828 

Neuburger, A 352, 363 f , 644, 770 
Neugebauer, Otto 352 
neurones 1022 

Newcomen engine 415, 554 ff, 669, 
680, 683 ff , 687 ff , 597 
Ncwlands, JAR 485 
Newport, G 844 f 
newt 939, 1069 

Newton, Sir Isaac 104, lG8ff, 238, 
265, 267, 290, 295 ff , 307, 314 f , 
326, 330, 334 f , 34 1, 389, 396, 606 ff , 
612f,e60f, 668 f 

Newton’s mechanics and the modern 
world 606 ff 
Nicholson, W 649 
mckel 472, 489 
rucotmc 1026 f 
night blindness 1065 
night dial 60, 233 
Nilsson, M P 32 ff , 42 f , 73, 352 
nitrates 40b ff, 441, 888 ff , 802, 904 
nitre 413, 892 
nitnc acid 467, 484 
nitrobenzcnes 631 ff , 635 
nitrogen 427, 485 ff 
tutrogen cycle 879 
nitrogen, estimation of 900 
rutrogen fixation 889 f , 905 
nitrogen, oxides of 439, 451, 453, 457 
nitroglyccrmc 611 
nicro-hydrocarbons 523 f , 529 
nitromc thane 512 
nitrous oxide 876 
mtrophcnols 632, 516 
mtrotoluenes 633, 61o 
NoUet, Abbe 700 
nomenclature, biological 920 f 
non-disj unction 993 
Norman, R 634 
north polar distance 62 f , 69 
north pole, regiment of 124 ff 
notochord 846, 849, 939 
nuclear and sidecham substitution 610, 
631 f 

nucleus, cell 843, 856 f 
number magic 402 f 
nystagmus 1036 

observatories 236, 307 
occultations and longitude 228 
octopus 935, 937, 1037 
Oersted, H C 468, 650, 739 
oesophagus 797, 910, 1042 
ohm (unit) 677, 683, 736 
Ohm’s Law 684 f , 688, 694, 7 U 
oleic acid 613 
olein 613 

olfactory nerves 1027 
Oligochaeta 934 
Omar Khayyam 120 
Opalina 864 
operculum 851 f 
Ophiuroidca 932 
opposiuon 180 
opuc nerves 1027 
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optical bench i59 

Optical illusions 135 ff 

optical instruments 334 

optical isomers 809 f 

optics 300 

Orchidaceac 941 

ores 420 f . 

organic acids 603, 511^ 

organic compounds, synthesis ot '>24 ff 

orgamc radicles 627 

organic substitutions 627 ff 

organic and inorganic cheimstry log f 

orientation reflexes 1032 ff 

Orion 29, 33 

Orr, Sir J 1089 

ortho, meta and para positions 631, 
637 f 

oscillatory discharge 739 t 

osmosis 475 ff , 893 

ossicles, ear 10 U 

Ostracoderms 957 

outcrop 952 f 

ovary (animal) 828 f , 841 

ovary (plant) 827 f 

oviduct 829, 841 

ovule 827 f 

ovum see egg 

Owen, Sir Richard 844 

Owen, Robt 017, 770, 1061 

Owens College 448 

oxalic acid 611, 614, 620 

oxidauon 3b(J f , 421 f , 427 f 

oxides 420 f , 439 

oxidizing agents 615 627, *^85 

oxyacetyiene flame 678 

oxygen 413, 418 f , 427 f , 486 

oxygen consumption of animals 902 

oxyhaemoglobm 801 f 

oysters 828, 935, 937 

ozone 465, 601 

Fame, T 914 
pamt 613 

Palaeodictyoptera 960 
Palmer, R 1075 
palmitic acid 613 , 

palmitm 513 
pancreas 790 f, 911, 1042 
Panniza 1023 
Papm, D 651, 654 f 
para-ammophenyl-sulphonamide 880 
parafhn oil 496 
parallax lllf 
arallax of stars 342 ff 
aramoecium 863 f 
parasites 967 

Pans, Academy of Sciences 286 
Parker, T J 1075 
Parkes, A S 644 
parthenogenesis, artificial 845, 860 
Parsons, T R 362 
Partington, J R 644 
Pascal, B 285, 380, 384 
Pasteur, L 807, 862, 866, 868 ff , 877 t , 
882 ff , S87 
pasturage 966 


paternity tests 1068 

Paul, Saint 401, 10 P) 

Pavlov, J P 1022, 1038 ff, 1045, 1047 

pea 97b f, lOOO, 1067 

pear drops 613 

ptdigrees, human 1004 

pelhgra 917 

pendulum 27 9 ff , 2^6 ff , 300 t , 307 1 , 
317, 129, 397 

pendulum, giid iron 571) 

i\nicillium 870, 891 

perns 828 f 

Penrose, L S 1066 

pentane 521 

pepsin 911 

Pcrcnal, 1 410 

periodic Iiw 48 4 ff 

pciioJic motion 293 f, 308, 118 

periscope 147 

Pcrkjn W H 497, 539, 541 

Pcnivnn bark 886 

pests 967 

Petrie, Sir b 66, 352 

petrol ether 507 

petroleum 496, 607 

Petty, Sir W 652, bl7, 770, 789, 792 

phenaccLin 632 

phenol 496 t , TIO, 5 U ff , 535 

phenyl acetic aeid 6 41, 53(> 

phenyl cyinidc 532 

phenylcnc diamine 735 

pbenyl-nitro-inetliane >3 4 

phenvl-thiourea 1069 

phlogiston 422, 4284, 829, 842 

Phoenicians 7 4, 648, 630 

phosgene 617 

phosphine 485 

phosphorus 138, 4 41, 485 f 

photo-electric cell 768 

photography 173 

photometer 172 

photosynthesis 904, 907 IF 

phototaxis 1032 f 

Phrynosoma 1036 

phthalic acids 534, 637 

phylum 9 41 

Physicians Royal College ol 780 

pi 60 

Picard,; 280, 415, 317 

Picard, Prot 380, 397 

picric acid 632, 886 

pike 1037 

pilot books 124 ff 

pine 940 

pineal gland 796 

pmeapple flavour 613 

pipette 444 

Pisces 939 

pistil 827 f 

pitch 496 f 

pitch, musical 320 f 

pith 830, 894 

Pithecanthropus 927 

pituitary gland 796, 1042 f 

placenta 849 f 

plague 786 ff, 879, 967, 886 f , 967 
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planet, elongation of 184, 204 f 
planets 119, 200 ff 
planets and longitude 179 ff 
planets, motion of 181 ff ,200 ff,202 ff , 
208 f, 220 f, 300, 307 
planets, occultation of 315 
planets, satellites of 307 
planisphere 98 
plant diseitscs 0f)8 f 
plants, classification of 910 ff 
plants, nutrition of 892 ff , 900 ff 
plants, reproduction m 944 f 
platinum 441, 473 
platinum, black 704 
Plato 77, 109, 115, 131 f, 137, 392 f, 
018 

Platyhelminthes 931 
Playfair, W 684, 1070 
Pleiades 33 
plexus mutant 999 
Plimsoll line 377 f 
Plmy 81 
Plot, R 409, 949 
Pluto 213 
Pneumococcus 879 
pneumonia 870, 884 
Poincare, H 770 
poisons 885 
polar bodies 858 
polariineter 800 

polari/ed light 333 f, 704, 747, 700 t , 
869 

Pole star 21, 23 ff , 20, 05, 125 f 
pole strength 002 
political science 1084 f 
pollen 944 f 

pollen tube, genes affecting 1004 
pollination 8 1 4 f , 823 ff 
Polybius 244 f 
Polychacta 933 f 
polyps 931 f 
Polyzoa 9 13 
Popoff 765 
population 1080 
Ponfera 931 
Portuguese 104 
Poseidonius 84 f, 117 
potash 430 f 
potashes 417 
potassium 441, 407, 486 ff 
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